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OBJECTIVE  AND  SCOPE 


JOINT  MILITARY/GOVERNMENT-INDUSTRY  SYMPOSIUM  ON 
STRUCTURAL  ADHESIVE  BONDING 


As  a  result  of  the  US  Army  Materiel  Command's  "Adhesive  Bonding 
Improvement  Initiative,"  the  US  Army  Armament  Research,  Development  and 
Engineering  Center  (ARDEC)  and  the  US  Army  Materiels  Technology  Laboratory 
(MTL)  are  conducting  this  international  symposium  with  the  theme  "to  improve 
the  design,  technology,  production  and  testing  of  adhesive  bonded  joints  for 
military  and  aerospace  application." 

The  Army  Materiel  Command  is  placing  increased  emphasis  on  the  proper 
application  of  adhesive  bonding  in  structures  and  improved  reliability  and 
durability  of  adhesive  bonded  joints.  Several  failures  of  critical  parts, 
primarily  in  aircraft,  but  also  in  other  applications,  have  raised  concerns 
that  current  technology  may  not  have  been  properly  used  in  design, 
manufacturing  and  quality  controls,  or  that  new  technology  may  be  needed  in 
other  instances.  Areas  of  interest  thus  run  the  gamut  from  "high  tech" 
surface  analysis  of  failed  parts  to  manufacturing  methods  and  controls  and 
testing.  The  whole  picture  must  be  considered  to  assure  the  fielding  of 
reliable  materiel  which  will  meet  military  requirements. 

In  this  Fifth  International  Symposium  on  Adhesive  Bonding,  we  are  honored 
by  the  many  distinguished  scientists  and  engineers  from  the  United  States  and 
Allied  and  Friendly  Nations  who  will  make  presentations  concerning  current  and  * 

future  technology  on  structural  adhesive  bonding.  The  topics  covered  in  this 
symposium  include: 
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Army  Materiel  Command  Perspectives 
Epoxy  Systems 
New  Polyimides 
Resins 

Fracture  Mechanics 
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Adhesion  Technology 

Air  Force  Bonding  Applications  &  Operational  Experience 
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PREFACE 


As  a  result  of  the  Army  Materiel  Command's  (AMC)  Adhesive  Bonding 
Improvement  Initiative,  the  American  Defense  Preparedness  Association  in 
cooperation  with  the  U.S.  Army  Materials  Technology  Laboratory  and  the 
U.S.  Army  Armament  Research,  Development  and  Engineering  Center  is  con¬ 
ducting  a  Joint  Military/Government-Industry  Symposium  on  Structural 
Adhesive  Bonding.  The  symposium  is  scheduled  for  November  3-5,  1987  at 
the  U.S.  Army  Armament,  Research,  Development  and  Engineering  Center, 
Picatinny  Arsenal,  New  Jersey. 

The  symposium  theme  is  improved  design,  technology,  production, _ and 
testing  of  adhesive  bonded  joints  for  military  and  aerospace  applica¬ 
tions.  AMC  is  placing  increased  emphasis  on  the  proper  application  of 
adhesive  bonding  in  structures  and  improved  reliability  and  durability  of 
adhesive  bonded  joints. 

This  is  the  fifth  national/international  symposium  on  adhesives 
bonding  that  the  Adhesives  Section,  Organic  Materials  Branch,  Armaments 
Technology  Division,  Armament  Engineering  Directorate  has  organized  and 
held  since  the  early  1960 's. 

The  symposium  committee  wishes  to  thank  all  of  the  authors  and 
session  chairmen  for  their  participation  in  this  symposium  on  Structural 
Adhesive  Bonding.  We  would  also  like  to  thank  ADPA  for  sponsoring  this 
symposium  and  Colonel  Duguesne  Wolf  for  his  assistance. 


Michael  J.  Bodnar 
General  Co-Chairman 
ARDEC 


Stanley  E.  Wentworth 
General  Co-Chairman 
MTL 
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Disclaimer  Clause 


The  findings,  conclusions,  or  viewpoints  expressed  in  this  publication 
and  the  presentations  contained  herein  comprise  the  personal  views  of  the 
respective  authors  thereof  and  should  not  be  construed  as  reflecting  any 
official  position  of  the  US  Government,  the  US  Army,  or  the  American  Defense 
Preparedness  Association.  Also,  no  assurance  can  be  implied  that  the 
information  contained  herein  is  acceptable  for  use  by  others  for  any  purpose, 
and  any  liability  respecting  such  use  is  specifically  disclaimed.  The  use  of 
trade  names  or  trade  marks  in  this  publication  should  not  be  construed  as  an 
official  endorsement  of  any  product,  nor  an  assurance  of  its  suitability  for 
any  purpose  other  than  precisely  in  the  context  of  the  discussion  wherein  they 
are  mentioned.  Responsibility  for  the  content  and  security  clearance  of  the 
papers  in  this  publication  rests  solely  on  the  authors. 
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Fundamentals  of  Adhesion 
The  Science  Beneath  the  Practice 

K.  W.  Allen 

Director  of  Adhesion  Studies,  Adhesion  Science  Group 

The  City  University 
London  EClV  OHB,  England 


1 .  Introduction 


Rather  more  than  60  years  ago,  the  need  for  a  proper 
understanding  of  the  fundamental  basis  of  adhesion  was  recog¬ 
nized  by  the  Adhesions  Research  Committee  of  the  Department  of 
Scientific  and  Industrial  Research  of  His  Majesty's  Government. 

In  the  First  Report  in  1922  it  stated^,  "It  is  obviously 
necessary  to  investigate  the  nature  of  adhesion,  be  it  physical 
or  chemical.  This  problem,  which  has  such  an  important  bearing 
upon  many  branches  of  industry,  is  constantly  before  the 
Committee." 

From  that  time  until  the  present,  various  ideas  and 
theories  have  been  advanced  to  account  for  the  observed 
phenomena.  There  has  always  been  the  hope,  rarely  fulfilled, 
that  it  would  be  possible  to  predict  behaviour  and  to  optimise 
conditions  for  practical  application.  The  theories  have  been 
of  differing  depths  of  sophistication  and  development,  but  they 
have  been  slowly  refined  over  the  years.  Frequently  par¬ 
ticular  theories  have  suffered  from  the  enthusiasm  of  their 
protagonists  who  have  sometimes  been  inclined  to  promote  their 
own  view  as  a  universal  panacea — as  improbable  situation  as  the 
discovery  of  the  alkahest!  Although  the  fallacy  of  this  mis- 
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conception  was  recognised  at  quite  an  early  date  '  ,  it  has 
only  been  accepted  quite  slowly.  It  is  only  comparatively 
recently  that  it  has  been  possible  to  consider  freely  which 
mechanism  is  appropriate  for  any  particular  example  of  adhe¬ 
sion,  and  to  attempt  to  resolve  the  way  in  which  the 
contribution  of  different  mechanisms  might  be  combined  to 
provide  a  fuller  understanding  of  the  observed  phenomena. 

Within  this  paper  I  shall  give  some  account  of  the  four 
principle  mechanisms  which  have  been  advanced  and  which  have 
gained  reasonable  credence.  Then  I  shall  consider  the 
durability  of  adhesive  joints  quite  broadly,  and  finally  I 
shall  try  to  draw  those  all  together  into  a  coherent  whole. 

Of  these  four  principle  mechanisms,  two  -  diffusion 
processes  and  electrostatic  interactions  -  are  now  clearly  seen 
to  be  of  significance  in  only  a  limited  range  of  situations  and 
I  shall  deal  with  those  first.  The  other  two  -  mechanical 
interlocking  and  adsorption  interactions  -  are  of  much  wider 
application  and  I  shall  consider  them  later.  Since  the  en¬ 
durance  of  adhesion  joints  is  a  vital  factor  in  any  real  use,  I 
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shall  include  a  broad  discussion  of  this  before  drawing  some 
overall  conclusions. 


2.  Diffusion  Processess  in  Adhesion 


The  original  work  suggesting  that  diffusion  plays  an  impor¬ 
tant  role  in  at  least  some  examples  of  adhesion  is  due  to 
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Voyutskii  .  Fundamentally  it  depends  upon  the  simple  concept 
that  if  two  polymer  surfaces  are  in  close  contact,  at  a  tem¬ 
perature  above  their  glass  transition  temperature,  then  the 
long-chain  molecules  or  at  least  segments  of  them  will  inter- 
diffuse.  This  is  undoubtedly  true  in  the  case  of  the  adhesion 
of  a  polymer  to  itself  ( autohesion) .  Also  when  an  adhesive  is 
applied  as  a  solution  of  a  polymer  in  a  volatile  solvent  to  two 
surfaces,  the  solvent  is  allowed  to  evaporate  and  the  two 
adhesive  coated  surfaces  are  brought  together,  it  is  a  diffu¬ 
sion  process  which  is  responsible  for  the  combination  and 
eventual  disappearance  of  the  interface  between  the  adhesive 
surfaces . 

From  this  original  idea,  Vasenin^  developed  a  more  quan¬ 
tifiable  theory.  He  started  from  the  theories  of  mixing  and 
interdiffusion  of  simple  liquids  and  developed  the  necessary 
modifications  to  extend  these  to  include  polymers  with  only  a 
small  degree  of  liquid  character.  For  the  autohesion  of  a 
polymer  to  itself  he  deduced  an  expression  for  the  force  re¬ 
quired  for  peeling  separation  in  which  this  force  was  directly 
proportional  to  the  rate  of  separation  and  to  the  fourth  root 
of  the  time  of  contract  as  well  as  inversely  proportional  to 
the  two-thirds  root  of  the  molecular  weight.  A  number  of 
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series  of  experimental  results  by  different  investigators  '  , 
are  consistent  with  these  relationships  as  is  shown  in  Figure 

1. 

g 

All  this  approach  was  criticised  by  Anand  who  attributed 
the  change  with  time  to  a  slow  increase  in  the  effective  area 
of  intimate  contact  by  rheological  processes  not  involving 
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diffusion.  To  this  attack,  Voyutskii  replied  with  qualitative 
evidence  and  additional  interpretation  and  explanation. 

Much  of  the  evidence  which  was  used  in  these  considera¬ 
tions  was  indirect  and  only  a  proportion  was  direct  and 
entirely  convincing.  However,  now  a  number  of  workers  have 
studied  the  structure  of  the  interface  by  various  methods 
including  optical  and  electronic  microscopy,  radiother¬ 
moluminescence,  UV  luminescence,  Fourier  transform  internal 

10 

reflectance  IR  spectroscopy  and  paramagnetic  probe  .  In  some 
instance  the  interface  is  clearly  revealed  as  a  band  in  which 
the  density  varies  gradually  from  one  phase  to  the  other  over  a 
zone  which  ranges  from  lOA  to  lOOOA  thick--suggesting  a  region 
of  interdiffusion  of  the  two. 
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Vasenin's  equation  for  the  autohesion  of  a  polymer  to  itself; 


F  =  llv  •< 

(  d  (2  +  p)  ] 

%  rM'. 

i 

'(  M  ) 

/ 

where  P 


force  to  separate  autohesion 


Tack 

strength 

kN/sq.m 


V  -  vibration  frequency  of  group 

d  -  density 

p  -  number  of  chain  branches  in  molecule 
M  -  molecular  weight 
r  -  rate  of  separation 
t  -  time  of  contact  before  test 

K  -  constant  characteristic  of  diffusing  molecule 
D 


Data  from  Forbes  &  McLeod,  line  fitted  to  t* 
according  to  the  equation. 


Data  from  Voyutskii  &  Shtarkh,  one  line  fitted  to  t"'  and 
other  adjusted  by  molecular  weight  factor  from  the  equation. 


Figure  1. 
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In  some  examples  the  peeling  strength  of  pairs  of  polymers 
varies  with  the  temperature  of  bonding  and  shows  sharp  in¬ 
creases  at  temperatures  which  correspond  with  a  change  of  the 
mode  of  failure  from  interfacial  to  cohesive.  These  changes 
can  be  attributed  to  the  incidence  of  effective  interdiffusion 

between  the  two  adherents^^. 

A  fresh  approach  to  this  concept  is  by  a  consideration  of 

the  free  volume  within  the  polymer  structure.  Campion^^ 
developed  this  for  a  number  of  types  of  rubber  and  particularly 
considered  the  free  space  which  inevitably  occurs  close  to  the 
chains  because  of  their  geometry.  He  was  able  to  correlate  the 
autoadhesive  properties  of  the  rubbers  with  the  cross-sectional 
area  of  the  holes  associated  with  this  configuration  available 
for  diffusion. 

The  usual  technique  for  joining  polycarbonates  or  polysul- 
phones  (sometimes  also  used  for  other  polymers)  is  that  known 
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as  "solvent  welding"  .  Either  one  or  both  surfaces  are 
treated  with  an  appropriate  solvent  and  after  a  short  time  the 
two  surfaces  are  brought  together  and  pressure  is  applied.  A 
good  bond  is  produced  in  which  the  lines  of  the  original  inter¬ 
face  cannot  be  discerned,  although  there  is  a  zone  where  the 
polymer  has  evidently  undergone  some  structural  modification. 
It  appears  that  the  bond  has  been  produced  by  interdiffusion 
within  this  zone  but  this  is  only  possible  when  the  solvent  has 
loosened  the  molecular  chains  and  allowed  some  mobility. 

Thus  overall  it  is  apparent  that  for  mutually  compatible 
polymers  of  similar  solubility  parameters  and  at  temperatures 
well  above  their  glass  transition  temperatures  then  interdiffu¬ 
sion  is  a  prime  mechanism  for  adhesive  bonding. 

A  similar  mechanism  to  autohesion  is  involved  when  a 
coherent  film  is  formed  from  a  polymer  latex.  As  the  dispers¬ 
ing  medium  is  lost  by  sorption  or  evaporation,  there  is  a  phase 
inversion  and  the  polymer  particles  which  were  the  disperse 
phase  become  the  continuous  phase.  At  the  stage  when  this  is 
occurring  the  long  chain  polymer  molecules  begin  a  process  of 
interdiffusion  which  eventually  eliminates  the  boundaries  of 
the  particles  entirely. 

It  has  been  suggested  that  the  mechanism  whereby  an  ad¬ 
hesive  penetrates  the  fine  structure  of  a  metal  oxide  is  one  of 
diffusion  rather  than  simple  flow.  Certainly  polymer  does 
penetrate  into  pores  and  interstices  which  are  of  dimensions 
approaching  the  size  of  large  molecules  and  diffusion  must  be  a 
possible  mechanism. 


3.  Electrostatic  Interactions 
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About  30  years  ago  Derjaguin^  and  his  co-workers  developed 
an  explanation  for  the  properties  of  pressure  sensitive  tape 
based  upon  the  development  of  an  electrical  double  layer  at  the 
interface.  The  separation  of  the  adherents  by  peeling,  break¬ 
ing  the  bond  was  accompanied  by  drawing  apart  of  the  two 
components  of  this  double  layer.  They  identified  the  Work  of 
Adhesion  with  the  electrical  energy  stored  in  the  capacitor 
system.  In  qualitative  terms  they  evinced  the  crackling  noise 
and  the  light  which  are  observed  when  a  tape  is  peeled  rapidly 
in  dry  conditions.  They  developed  a  quantitative  theory  and 
reported  satisfactory  agreement  between  theoretical  and  ex¬ 
perimental  results  and  account  for  the  effect  on  peel  strength 
of  variation  of  the  gas  pressure  of  the  situation.  However, 
they  do  not  appear  ever  to  have  taken  account  of  the  energy 
which  is  dissipated  in  the  viscoelastic  deformation  of  the 
adherents  particularly  in  peeling  tests. 

The  only  attempt  made  in  the  West  directly  to  explore  this 
approach  used  direct  tension  tests  instead  of  peeling  tests. 
Great  difficulty  was  reported  in  measuring  the  surface  charge 
density  and  the  bond  strengths  were  considerably  lower,  even 
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when  due  allowance  was  made  for  the  different  technique 

Adhesion  of  vacuum-deposited  thin  metal  films  on  polymer 
substrates  has  been  considered  in  terms  of  electrostatic  inter- 
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actions.  Experiments  showed  that  the  force  needed  to  remove 
a  thin  metal  film  from  a  substrate  by  scratching  with  a  stylus 
increased  with  the  elapse  of  time.  The  suggestion  that  this 
might  be  due  to  slow  oxidation  processes  leading  to  the 
development  of  chemical  bonds  between  the  metal  and  the  in¬ 
sulator  substrate  were  discounted  because  this  effect  occurred 
with  gold  as  well  as  with  base  metals.  Additionally  if  the 
metal  was  deposited  and  allowed  to  develop  its  full  adhesive 
strength,  and  then  the  specimen  was  exposed  to  a  corona  dis¬ 
charge  the  bond  strength  dropped  to  zero.  From  this  it  was 
inferred,  very  reasonably,  that  there  was  an  electrostatic 
origin  to  the  adhesion. 

The  Russian  workers  argued  that  the  origin  of  the  electric 
double  layer  lay  in  electron  transfer  from  the  metal  to  the 

17 

polymer  to  equalise  their  termi  energy  levels.  Weaver  sug¬ 
gests  that  this  is  improbable  since  it  would  imply  an  excess 
energy  of  about  3eV  to  overcome  the  potential  energy  barrier  at 
the  interface.  He  suggested  instead  positive-hole  injection 
with  the  electron  moving  from  polymer  to  metal;  although  the 
nature  of  the  charge-carrying  bodies  in  the  polymer  is  not 
clear.  In  any  case  the  process  would  be  expected  to  be  slow 
both  because  of  the  relatively  small  number  of  conduction 
electrons  in  an  insulator  like  the  polymer  and  because  they  are 
likely  to  be  in  situations  where  their  mobility  is  low.  Thus 
the  adhesion  might  be  expected  to  develop  quite  slowly  -  ex¬ 
actly  as  is  observed.  Further,  the  final  charge  concentration 
might  well  depend  upon  the  number  of  electrons  available  rather 
than  upon  their  energy  levels  and  no  relationship  would  exist 
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between  the  work  function  of  the  metal  and  the  adhesive  forces 
developed. 

If  one  turns  from  considering  adhesion  between  plane  sur¬ 
faces  to  that  of  fine  particles,  then  there  is  clear  evidence 
that  electrostatic  forces  are  significant.  This  has  been 

demonstrated  particularly  by  experiments^®  with  gold  particles 
and  it  has  been  suggested  as  important  in  the  retention  of 

pollen  on  the  stamen  in  flowers  and  in  its  removal  by  bees^^. 
This  is  put  to  practical  use  in  the  installation  of  electros¬ 
tatic  precipitators  to  remove  dust  from  flue  gases. 

2  0 

Much  more  recently  Derjaguin  has  renewed  discussion  of 
the  comparative  importance  of  electrostatic  forces  as  compared 
with  the  forces  of  molecular  attraction.  The  particular  point 
involved  is  that  for  a  condensor,  provided  that  the  distance 
between  the  lates  is  small  compared  with  the  area,  the  mechani¬ 
cal  force  of  attraction  between  them  is  independent  of  the 
distance  apart.  The  forces  of  molecular  attraction  are  in¬ 
versely  proportional  to  the  cube  of  the  distance  apart.  Thus 
at  close  distances  the  electrostatic  forces  may  be  small  com¬ 
pared  to  those  of  molecular  attraction  but  as  the  separation  is 
increased  the  relative  significance  of  these  forces  will 
change.  When  the  process  of  breaking  adhesive  bonds  is  con¬ 
sidered  the  electrostatic  forces  may  contribute  a  not 
insignificant  proportion  to  the  total  energy  required  for 
complete  separation. 


4 .  Mechanical  Interlocking 


The  idea  that  attributes  adhesion  to  the  interlocking  of 
the  adhesive  with  irregularities  and  roughness  of  the  adherent 
surface  is  both  commonly  advanced  and  surprisingly  widely  held. 
However,  even  a  cursory  review  of  the  facts  shows  that  it 
certainly  cannot  be  of  general  application  at  least  on  a  macro 
scale.  Effective  and  strong  adhesive  bonds  are  easily  made 
between  optical  glass  flats  which  clearly  demonstrates  that 
rough  surfaces  are  not  essential. 

The  results  for  the  bond  strengths  of  maple  wood  samples  of 
different  roughness  are  clear  evidence  that  this  idea  is  falla¬ 
cious,  as  is  illustrated  in  Table  1^^. 
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Table  1 . 


Maple  wood  samples,  bonded  side  grain,  with  U/F  resin  at  5  Ibf 

_2 

in  pressure,  tested  in  shear. 


Surface 

Planed 

Sanded 

Sawn 

Combed 


Roughness 


Strength 
3120  Ibf. in 

2360 

2690 

2400 


Nevertheless,  there  are  some  particular  instances  of  adhe¬ 
sion  where  straightforward  mechanical  interlocking  is 
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important.  The  classical  work  of  Wake  and  Boroff  on  the 
adhesion  of  natural  rubber  to  textile  materials  woven  from  spun 
staple  of  natural  origin  demonstrated  that  the  bond  strength 
depended  upon  the  penetration  of  fibre  ends  from  the  spun  yarn 
into  the  rubber.  When  the  rubber  and  the  textile  are  subjected 
to  a  stress  which  separates  them,  these  fibre  ends  are  broken. 
The  strength  of  the  bond  depends  upon  the  number  of  these  fibre 
ends  which  were  originally  embedded. 

The  specific  interaction  between  the  rubber  and  the  surface 
of  the  textile  fibre  is  only  of  indirect  significance  in  that 
it  governs  the  length  of  fibre  end  which  must  be  embedded 
before  the  interfacial  shear  strength  exceeds  the  tensile 
strength  of  the  fibre  end.  Penetration  of  the  rubber  between 
the  yard  into  the  weave  of  the  fabric  is  of  negligible  impor¬ 
tance.  When  the  spun  natural  fibre  was  replaced  by  synthetic 
continuous  monofilament  the  bond  strength  was  very  considerably 
reduced.  Where,  for  other  reasons,  as  in  motor  vehicle  tyres, 
this  replacement  was  desirable,  then  various  special  treatments 
for  the  textile  has  to  be  introduced  to  increase  the  specific 
adhesion  between  the  rubber  and  the  surface  of  the  textile  to 
achieve  a  satisfactory  bond. 

An  instance  which  is  broadly  similar  is  that  of  adhesion  to 
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leather.  Haines  showed  that  it  was  necessary  to  have  a 
continuous  film  of  adhesive  between  leather  adherents  into 
which  the  fibres  of  the  corium  must  be  imbedded.  These  fibres 
must  be  separated  and  raised  by  a  roughening  process  which  was 
not  so  vigorous  that  they  were  damaged  and  weakened. 

Another  example  where  it  is  well  established  that  mechani¬ 
cal  interpretation  makes  a  significant  contribution  to  the  bond 
strength  is  in  the  plating  of  certain  plastics  by  the  electro¬ 
less  method.  The  base  materials  involved  are  either  high 
impact  polystyrene  or  ABS  (acrylonitrile-butadiene-styrene 
copolymer)  both  of  which  consist  of  a  continuous  phase  of  a 
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glassy  polymer  with  an  elastomer  dispersed  in  it.  The  process 
of  plating  involves  an  etching  step  which  oxidises  and  removes 
the  elastomer  from  the  surface  layer  leaving  a  highly  reticu¬ 
late  and  porous  structure.  This  is  followed  by  a  chemical 
reduction  which  deposits  a  first  metal  layer  (usually  copper) 
which  is  then  built-up  by  conventional  electroplating. 
Electron  micrographs  of  sections  show  quite  clearly  the 
penetration  and  interlocking  of  the  metal  within  the  plastic  to 
a  depth  of  up  to  10pm.  A  very  similar  process  is  used  for 
plating  polyalkenes,  although  these  are  homogeneous  polymers. 
The  acid  etching  attacks  the  crystal  grain  boundaries  and 
various  micro-inhomogeneities  to  produce  a  roughened  surface. 
For  these  materials,  a  very  thorough  study  by  Ferrers  and 
24 

Pettett  showed  that  there  were  two  mechanisms  involved,  a 

specific  interaction  depending  upon  the  exact  chemical  nature 

of  the  polymer  surface  and  a  mechanical  interlocking.  The 
final  bond  strength  depended  upon  an  interaction  of  these  two 
components  and  could  only  be  maximised  if  both  mechanisms  were 
operative. 

These  are  all  rather  special  cases  and  out  of  the  main 

stream  of  adhesive  technology  for  which  it  was  at  one  time 

conventional  to  dismiss  mechanical  interlocking  as  irrelevant 
and  unimportant.  However,  the  view  has  begun  to  change  and  the 

beginning  of  the  change  can  be  traced  to  Packham's^^  work  on 
the  adhesion  of  molten  polyethylene  to  aluminum.  He  studied 
the  behaviour  of  polyethylene  which  had  been  sintered  into  the 
surface  of  aluminum  which  had  been  treated  in  various  ways.  It 
was  already  well  known  that  anodising  aluminum  in  an  acidic 
electrolyte  produced  an  oxide  coating  which  comprised  a  compact 
and  dense  barrier  layer  immediately  adjacent  to  the  metal, 
surmounted  by  a  layer  of  hexagonal  cells  each  with  a  pore  of 
circular  cross-section  at  its  centres.  The  size  and  number  of 
these  pores  was  controlled  by  the  duration  and  electrical 
conditions  of  the  anodising.  Diameters  ranged  from  120  to 
330A.  Experiment  showed  a  direct  correlation  between  the  bond 
strength  (measured  by  peeling)  and  the  size  and  concentration 
of  these  pores  in  the  oxide. 

Electron  micrographs  of  polymer  surfaces  which  had  been 
separated  from  the  metal  oxide  revealed  clusters  of  tufts. 
These  clusters  were  about  lym  deep  and  500  to  2000A  in  diameter 
and  correspond  to  groups  of  tufts  or  whiskers  which  had 
originally  been  inside  the  pores.  Thus,  there  were  very  clear 
indications  of  an  interlocking  mechanism  contributing  sig¬ 
nificantly  to  the  bond  strength. 

More  recently,  sophisticated  surface  analytical  techniques 

have  enabled  Venables  and  his  colleagues  to  study  the  mor¬ 
phology  of  surfaces  of  aluminum  and  titanium  which  had  been 
prepared  for  adhesive  bonding  by  various  established  etching 
processes.  These  surfaces  are  covered  with  oxide  whiskers  and 
in  some  cases  the  oxide  layer  beneath  these  is  porous,  but  all 
on  a  very  small  scale.  The  whiskers  are  100  to  400A  long  and 
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50  to  lOOA  diameter,  depending  upon  the  details  of  the  treat¬ 
ment.  Their  evidence  indicates  that  there  is  mechanical 
interlocking  of  the  polymeric  adhesive  with  the  structure  of 
this  surface  to  give  a  bond  which  is  much  stronger  than  that 
achieved  with  a  smooth  surface.  Indeed  the  bond  only  fails 
when  the  polymer  itself  yields  by  visco-elastic  deformation. 
When  the  oxide  lacks  the  roughness  and  porosity  and  the  bond 
depends  for  its  strength  solely  on  physio-chemical  forces 
across  the  interface,  then  separation  occurs  quite  clearly  at 
the  boundary  at  much  lower  levels  of  stress  which  are  unaccep¬ 
table  for  structural  purposes. 

They  have  gone  on  to  show  that  when  these  surfaces  are 
exposed  to  a  hostile  environment,  particularly  high  humidity, 
there  are  changes  both  in  the  chemistry  and  the  morphology  of 
the  surface.  The  aluminum  oxide  is  progressively  hydrated  and 
the  characteristic  whisker  structure  is  lost,  being  replaced  by 
a  "cornflake"  structure.  The  hydroxide  is  both  itself  mechani¬ 
cally  weaker  than  the  oxide  and  is  much  less  strongly  bound  to 
the  underlying  metal  surface.  So  the  well  known  loss  of 
strength  of  an  adhesive  bond  is  explained  in  these  terms. 
Similar  results  have  also  been  found  for  titanium,  both  by 
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Venables'^  and  indeed  less  precisely  by  Allen  and  Wake  rather 

earlier. 

Thus,  quite  clear  evidence  has  been  provided  and  an  ex¬ 
planation  adduced  for  a  significant  mechanical  component  in  the 
adhesion  mechanism  for  structural  adhesives  as  used  in 
aerospace  applications.  But  it  is  important  to  recognise  that 
the  whole  scale  of  this  mechanical  interaction  is  very  much 
smaller  than  that  involved  either  in  the  other  examples  quoted 
or  in  the  common  view. 

The  fundamental  explanation  for  this  mechanical  contribu¬ 
tion  to  the  total  strength  of  an  adhesive  bond  lies  in  the 
presence  of  a  zone  between  the  two  materials  -  adhesive  and 
adherent  -  where  both  are  present.  This  zone  results  from  the 
interpretation  of  the  one  material  -  the  adhesive  -  into  the 
roughness  of  the  other  -  the  adherent.  The  depth  will  depend 
upon  the  extent  of  this  roughness  and  upon  the  degree  to  which 
the  adhesive  penetrates  within  it.  In  order  to  separate  the 
two,  energy  will  have  to  be  used  and  work  will  have  to  be  done 
in  order  to  deform  and  draw  the  material  of  lower  coJtipliance 
and  stiffness  (the  adhesive).  This  is  always  provided  that  the 
surface  features  of  the  roughness  of  the  more  rigid  material 
(the  adherent)  are  themselves  strong  enough  and  do  not  them¬ 
selves  fracture  under  the  applied  stress.  It  is  this  energy 
which  is  reflected  in  the  bond  strength  attributable  to  this 
mechanism. 

Before  leaving  the  topic  some  explanation  is  needed  of  the 
practical  experience  that  "roughening"  a  surface  by  mechanical 
abrasion  does  result  in  stronger  bonds.  It  is  important  to 
realise  that  abrasion  removes  the  outermost  layers  of  the 
surface  which  is  initially  present.  In  doing  this,  a  whole 
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variety  of  materials  is  removed;  absorbed  films  of  moisture  and 
oil,  intrinsically  weak  oxides  and  hydroxides,  poorly  adherent 
layers  of  oxide;  all  of  which  would  have  decreased  the  bond 
strength  which  might  otherwise  have  been  achieved.  A  fresh  and 
comparatively  clean  surface  is  exposed  without  the  weakness  of 
the  surface,  rather  than  its  roughness  which  enable  better, 
stronger  bonds  to  be  achieved. 


5 .  Adsorption  Interactions 


Any  solid  material  has  a  mechanical  strength  which  depends 
first  upon  the  cohesion  provided  by  the  various  forces  of 
attraction  between  the  ultimate  fundamental  particles  of  which 
it  comprises.  This  strength  in  any  real  material  will  be 
reduced  from  the  ideal  value  (except  in  very  special 
circumstances)  by  various  flaws,  imperfections  and  ir¬ 
regularities  in  the  structure.  These  defects  are  of  particular 
effect  when  they  occur  in  the  surface  as  was  demonstrated  by 
29  30 

Griffith  and  by  Irwin  .  The  forces  of  attraction  are  varied 
in  their  nature  but  include  some  ionic  attractions,  covalent 
bonds,  hydrogen  bonds,  and  van  der  Waals  forces,  differing  both 
in  their  strength  and  in  their  range  of  effective  action  as  is 
shown  in  Table  2. 


Table  2 . 

Bond  Type 

Bond  Energy 

Effective  Range 

(kj/mole) 

(nm) 

Ionic 

600  -  1200 

0.2  -  0.4 

Covalent 

60  -  800 

0.07  -  0.3 

Metallic 

100  -  350 

0.2  -  0.6 

Hydrogen 

ca.  50 

0.3 

van  der  Waals 

ca.  20 

ca. 1. 0 

Which  of  these  forces  are  important  in  any  particular 
material  depends  upon  their  chemistry  but  the  van  der  Waals 
forces  are  universally  present  and  effective  whichever  of  the 
others  are  also  involved.  Moreover,  as  can  be  seen,  they  are 
effective  over  a  significantly  greater  distance  than  either  of 
the  others  and  their  rate  of  decrease  with  increase  of  distance 
is  significantly  less. 

It  has  been  recognised  for  a  long  time  that  all  the  forces 
which  provide  the  cohesive  strength  of  a  homogenous  solid  are 
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also  potentially  available  to  provide  adhesive  strength  across 
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the  interface  between  two  materials  in  a  joint  .  The  common 
feature  of  these  forces  as  has  already  been  indicated,  is  that 
all  of  them  are  effective  over  distances  which  are  only  com¬ 
paratively  short  on  an  atomic  scale.  So  if  they  are  to  be 
utilised  across  an  interface  between  two  materials  it  is  a 
first  and  necessary  requirement  that  they  are  in  the  closest 
and  most  intimate  contact.  It  is  from  this  requirement  they 
have  the  necessity  to  apply  any  adhesive  as  a  liquid  springs 
and  further  leads  to  all  our  concern  for  the  phenomena  of 
wetting  and  spreading. 

Perhaps  it  is  worth  indicating  at  this  stage  that  it  is 
this  concept  of  the  origin  of  the  forces  responsible  for  adhe¬ 
sion  which  links  the  whole  of  this  part  of  the  science  of 
adhesion  with  the  main  stream  of  physical  chemistry  in  several 
ways.  First,  there  are  all  the  classical  studies  of  the  ad¬ 
sorption  of  gases  and  to  a  lesser  extent  liquids,  or  solids. 
While  the  detailed  mathematics  and  theories  (associated  with 
names  like  Longmuir  and  Brunauer)  may  have  little  immediate 
correlation  with,  for  instance,  the  interaction  of  an  epoxy 
adhesive  system  with  a  prepared  aluminum  surface,  yet  the 
fundamental  ideas  of  interaction  between  two  sets  of  different 
molecules  are  common  to  both.  The  considerations  of  physical 
and  chemical  adsorption  have  direct  parallels  in  the  exposition 
of  the  fundamentals  of  adhesion.  Next,  all  that  part  of  sur¬ 
face  science  which  considers  the  energy  relationships  of 
interfaces  and  the  origins  of  surface  tension  and  energy  is  of 
direct  and  immediate  relevance. 


The  magnitude  of  the  theoretical  attractions  which  can 
arise  from  these  universal  dispersion  forces  are,  at  first 
sight,  surprisingly  high.  For  two  perfectly  plane  parallel 
plates  when  the  centres  of  the  molecules  of  the  surface  layers 
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are  separated  by  Inm,  the  attractive  force  is  10  -  10  Nm 

(0.6  -  65  tons  per  square  inch)  and  if  the  separation  is  in- 
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creased  to  lOnm  the  force  is  reduced  to  10  -  10  Nm  (1  -  150 

3  2 

lbs  per  square  inch)  .  The  magnitude  of  these  forces  depends, 
of  course,  upon  the  particular  materials  and  is  greatest  be¬ 
tween  two  metals  and  is  about  an  order  of  magnitude  less 
between  two  dielectrics.  So  clearly  there  is  here  a  potential 
source  of  strength  which  is  considerably  greater  than  is  nor¬ 
mally  achieved  in  real  adhesive  joints  and  this  has  been 
extensively  considered. 

Turning  now  to  consider  the  thermodynamics  involved  in  an 
adhesive  joint,  an  outline  is  as  follows. 
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The  first  relationship  is  due  to  Young  who  considered  the 
equilibrium  of  a  drop  of  liquid  on  a  solid  surface  and  produced 
the  well  known  equation: 


^  SV  ^  SL  ^ 
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This  has  been  combined  with  Dupre's  equation^ for  the  revers¬ 
ible  thermodynamic  work  of  adhesion  to  separate  two  phases, 

which  were  originally  in  intimate  contact,  to  give  clean  sur¬ 
faces  which  is: 


W 


A 


-  ^ 


12 


where  ^  ^  are  the  surface  free  energies  of  the  two  phases 

and  12  is  the  interfacial  free  energy  between  them. 


Together  they  give: 


Wa  =  X  ]iy(l  +  cos)  +  fT 

where  fT  is  the  spreading  pressure,  which  allows  for  the  effect 
of  an  adsorbed  layer  of  vapour  on  the  solid  surface. 
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Good  and  Girifalco  estimated  this  interfacial  free  energy 
by  considering  the  ratio  of  this  free  energy  of  adhesion  to  the 
geometric  mean  of  the  free  energies  of  cohesion  of  the  two  pure 
phases : 


^2)'  =  * 

Where  $  is  an  interaction  parameter  which  can  be  estimated  from 
the  properties  of  the  two  phases.  They  also  showed  that  in  the 
simplest  cases  $  is  approximately  unity. 

So  Xi2  =  +  ^2  ■  ^  ^  ^2^' 

and  =  2  (  X  ^  2  ^  ^ 

3  6 

Fowkes  proposed  that  this  work  of  adhesion  was  the  result 
of  contributions  from  a  variety  of  interactions  across  the 
interface.  These  may  include  dispersion  forces,  hydrogen 
bonds,  dipole/dipole  and  dipole/induced  forces,  acid/base 
interactions,  and  in  addition,  perhaps  covalent  bonds. 
Further,  he  suggested  that  these  contributions  might  be  com¬ 
bined  by  a  simple  addition,  thus 

and  similarly  the  surface  free  energy  (and  the  work  of 
cohesion)  could  be  expressed  in  terms  of  contributions  from  the 
various  interactions. 

■!(<»+  + 
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where  the  superscripts  represent  d  -  dispersion  forces,  h  - 
hydrogen  bonding,  x  -  dipole/dipole  interactions,  i  -  induced 
dipole/dipole  interactions,  ab  -  acid/base  interactions. 

These  relationships  were  often  contracted  to 

W^  =  W*^  +  W^ 

%  A 

where  the  superscript  p  represented  all  the  polar,  non¬ 
dispersion  forces  involved. 

Considerable  success  was  achieved  by  correlations  where 
only  dispersion  forces  were  relevant  by  using  the  Good  and 
Girifalco  relationship 

=  2  (  ^  J  X  2  ) 

However,  this  success  led  to  the  introduction  of  similar 
proposals  to  write 

Wa^  -  2  (  ^  P  P  ) 

which  are  not  justified  in  terms  of  the  original  derivation  and 
in  the  terms  of  the  approximation  which  put  $  =  1;  although 
they  did  lead  to  useful  results  in  some  cases. 

More  recently,  as  the  fallacies  of  this  type  of  extension 
have  become  recognised,  considerable  attention  has  been 
directed  towards  the  nature  and  relative  significant  of  the 
other,  non-dispersion  interactions. 
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The  discussion  of  this  was  due  to  Bolger  and  Michaels 
who,  considering  the  case  of  (acidic)  polar  polymers  and 
(basic)  metallic  oxides,  suggested  that  the  only  forces  other 
than  dispersion  forces  which  needed  to  be  invoked  were  hydrogen 
bonds.  These  could  best  be  treated  using  the  Bronstead  proton 
definition  and  theories  of  acid/base  relationships,  which  gave 
satisfactory  results  for  those  particular  examples  of  adhesion. 

3  8 

Then  it  was  recognised  that  this  sort  of  treatment  might 
be  extended  to  a  wider  field  by  use  of  the  Lewis  acid/base 
definitions  and  theories,  which  consider  electron 
donor/acceptor  interactions,  rather  than  the  more  limited 
Bronstead  proton  theories. 

39 

This  most  recent  consideration  was  based  on  the  work  of 

Drago^®  on  the  enthalpies  (heats  of  reaction,  AH),  of 
acid/base  pair  reactions.  For  each  conjugate  pair  he  corre¬ 
lated  experimental  values  with  theoretical  ones  calculated  on 
the  basis  of  four  constants,  two  for  the  acid  (C^;  E^)  and  two 
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for  the  base  (0^;  Eg).  The  results  demonstrated  that  the 

dipole  interactions  did  not  contribute  measurably  to  the  en¬ 
thalpies  of  molecular  interaction.  This  conclusion  initially 
appeared  to  conflict  with  earlier  work  on  intermolecular  forces 
41  42 

due  to  Keesom  and  Debye  until  the  differences  in  the  situa¬ 
tions  being  considered  were  recognised.  The  latter  considered 
gases  where  intermolecular  distances  are  considerable  and 
interactions  principally  involve  only  two  molecules;  whereas 
Drago  was  considering  the  situation  in  condensed  phases  where 
molecules  are  close  and  dipole  interactions  are  minimised  by 
multiple  nearest-neighbours. 

Thus  the  Work  of  Adhesion  is  now  to  be  considered  as  effec¬ 
tively  arising  from  two  components,  the  dispersion  forces  and 
the  polar  forces  concerned  as  acid/base  interactions.  Fowkes 

43 

and  his  co-workers  have  prepared  a  series  of  polymers  of 
controlled  acidity  or  basicity  by  copolymerisation  of  ethylene 
with  either  acrylic  acid  or  vinyl  acetate.  For  each  of  these 
solids  they  have  estimated  the  acid-base  contribution  to  the 
Work  of  Adhesion  for  a  series  of  liquids  of  known  basicity  or 
acidity  by  measurement  of  contact  angles.  In  each  case  a  set 
of  smooth  curves  was  obtained  relating  the  acid/base  contribu¬ 
tion  to  the  Work  of  Adhesion  with  the  degree  of  acidity  or 
basicity.  Additionally,  for  an  acidic  liquid  there  was  nothing 
but  dispersion  forces  interactions  with  the  acidic  polymers  and 
similarly  for  a  basic  liquid  with  the  basic  polymers. 

Adsorption  studies  of  the  interaction  of  polymers  in  solu¬ 
tion  in  different  solvents  with  inorganic  solids  confirmed  this 
to  be  a  three-way  competition.  It  involved  the  dispersion 
force  and  acid/base  interactions  between  polymer  and  solid, 
between  polymer  and  solvent,  and  between  solvent  and  solid. 
The  differences  in  dispersion  forces  cancel  out  and  it  is  the 
acid/base  competition  which  controls  the  adsorption 
44 

behaviour 

Direct  effects  upon  adhesion  can  be  illustrated  by  com¬ 
parison  of  the  adhesion  of  cast  films  of  basic  polymethyl 
methacrylate  on  an  acidic  glass  (less  than  0.1%  alkali  metal 
oxides)  and  on  a  basic  glass  (20%  alkali  metal  oxide).  It  was 
difficult  to  remove  the  film  from  the  acidic  glass  but  it  was 

quite  easy  to  peel  it  away  from  the  basic  glass 

A  survey  of  the  practical  use  of  adhesives  indicates  that 
acid/base  (electron  donor/acceptor )  interactions  have  been 
utilised  largely  by  empirical,  trial  and  error  methods  and  to 
explain  rather  than  to  predict.  There  is  some  hope  that,  for 
the  future,  results  may  be  more  directly  achieved  by  considera¬ 
tions  of  the  acid/base  characteristics  of  the  substrates  and  of 
the  polymers  used  in  the  adhesives  and  selecting  appropriate 
pairs. 
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So  far  this  discussion  has  involved  only  the  secondary 
interactions  (van  der  Waals)  forces  in  the  form  of  dispersion 
forces,  electron  pair  interactions,  and  dipole  interactions 
(even  if  these  last  have  been  shown  to  be  generally  negli¬ 
gible).  While,  as  was  shown  at  the  beginning,  these  secondary 
interactions  are  more  than  adequate  to  provide  high  bond 
strengths,  yet  there  are  instances  where  primary  covalent 
bonding  is  believed  to  be  involved.  This  is  particularly  the 
case  where  techniques  have  been  developed  to  increase  the 
durability  of  bonds  and  their  resistance  to  deterioration  in 
hostile  environments. 

Direct  and  positive  evidence  for  this  mechanism  is  somewhat 
sparse  but  there  is  considerable  indirect  evidence.  The  use  of 
primers  or  coupling  agents,  particularly  silane  compounds,  is 
now  extensive  especially  for  the  manufacture  of  glass-fibre 
reinforced  composites.  The  film  of  silane  is  itself 

47 

polymerised  and  there  is  now  clear  evidence  from  Laser-Raman 
that  there  are  -X-O-Si-  groups  in  the  surface  (where  X  repre¬ 
sents  the  surface  material)  held  by  covalent  bonds.  It  is 
believed  that  it  is  these  covalent  bonds  which  confer  upon  the 
interface  the  resistance  to  hydrolytic  attack  under  wet  condi¬ 
tions  which  is  the  particular  object  of  the  use  of  these 
primers.  Indirect  evidence  also  arises  from  studies  where  it 

has  been  shown  by  thermodynamic  techniques  that  secondary 
interaction  are  insufficient  to  account  for  the  observed 

48 

properties  of  strength  and  durability 

Direct  evidence  also  arises  from  introducing  quite  small 
amounts  (0.001  -  0.1  mole  fraction)  of  reactive  functional 
groups  into  the  adhesive  which  often  greatly  increases  the 

49 

adhesive  bond  strength  .  For  a  number  of  cases  a  relationship 
of  the  form 


where  is  the  adhesive  strength  when  the  concentration  of 

functional  group  in  the  adhesive  is  C,  and  k  and  n  are  con¬ 
stants.  Usually  n  is  in  the  range  of  0.6  -  1.0. 

Moreover,  as  would  be  expected  the  effectiveness  of  func¬ 
tional  groups  in  increasing  adhesion  shows  considerable 
specificity  with  the  adherent.  Thus,  particular  functional 
groups  may  be  selected  for  particular  adherents  where  they  may 
give  rise  to  chemical  bonding  across  the  interface.  For  ex¬ 
ample,  carboxyl  groups  (introduced  by  copolymerisation  with 
acrylic,  methacrylic,  or  maleic  acid)  will  promote  adhesion  to 
metals. 
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6 .  Durability 


If  an  adhesive  joint  is  to  be  of  practical  utility  then  it 
must  be  able  to  carry  a  required  load  which  may  be  constant  or 
variable;  for  a  sufficient  period  of  time  which  may  be  as  short 
as  minutes  for  some  military  requirements  or  as  long  as  decades 
or  centuries  for  civil  engineering  structures;  under  particular 
service  conditions  which  may  be  benign  or  harshly  aggressive. 
While  each  of  these  factors  can  be  examined  independently,  it 
is  now  common  experience  that  they  have  mutual  interactions . 

For  any  structure,  however  constructed,  there  is  a  limit  to 
the  load  which  it  can  carry,  which  will  normally  be  at  a  maxi¬ 
mum  for  a  stress  steadily  and  smoothly  applied.  This  is  true 
for  an  adhesively  bonded  structure  as  much  as  for  any  other  but 
generally  it  is  probable  that  the  adhesive  bond  will  be  the 
weakest  part  and  hence  the  limiting  factor.  If  the  load  is 
cyclic  then,  just  as  for  metals,  there  is  fatigue  of  an  ad¬ 
hesive  and  failure  will  occur  after  a  time  at  a  load 
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considerably  less  than  test  methods.  There  are  indications 
that  this  will  occur  at  any  cyclic  load  greater  than  a  third  of 
the  ultimate  tensile  strength. 

The  effects  of  impact  or  shock  loading  have  always  been  a 
severe  problem  for  adhesives  because  whatever  their  strength 
they  have  been  brittle.  It  is  only  in  comparatively  recent 
times  that  this  has  been  overcome  by  the  inclusion  of  an  elas¬ 
tomeric  component  dispersed  within  the  matrix  of  adhesive  to 
give  a  toughened  product.  To  achieve  this  dispersion  satisfac¬ 
torily  with  the  elastomer  dispersed  in  micron  spheres  which  are 
graft  copolymerised  to  the  matrix  is  one  of  the  triumphs  of 
contemporary  adhesive  technology.  The  results  and  implications 
of  this  for  the  use  of  structural  adhesive  bonding  are  very 
51 

considerable 

The  service  life  of  an  adhesive  is  related  to  the  maximum 
temperature  to  which  it  is  exposed  and  it  is  in  the  military 
sphere  that  this  has  been  most  extensively  studied.  Missile 
structures  must  be  able  to  withstand  temperatures  of  more  than 
500 °C  but  only  for  one  minute.  A  supersonic  transport  aircraft 
on  the  other  hand  need  only  withstand  half  this  temperature  but 

has  an  expected  service  life  of  perhaps  100,000  hours  .  To 
meet  these  varied  requirements  special  polymers  have  been 
developed,  the  more  extreme  the  demands  the  more  exotic  the 
polymer. 

Generally,  the  most  hostile  environment  which  an  adhesive 
joint  encounters  is  moisture  and  this  is  considerably  more 
aggressive  when  the  joint  is  simultaneously  under  stress.  The 
detail  of  this  was  demonstrated  for  a  number  of  adhesives  in  a 
very  extensive  series  of  trials  carried  out  by  the  Royal 
Aircraft  Establishment,  Farnborough.  Over  a  period  of  four 
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years  in  a  hot,  wet  climate  the  loss  in  strength  varied  from  5% 
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to  25+%  depending  upon  the  simultaneous  stress 

The  mechanisms  involved  in  this  attack  have  been  exten¬ 
sively  explored  and  it  now  seems  clear  that  water  vapour 
primarily  reaches  the  interface  by  diffusion  through  the  body 
of  the  adhesive  rather  than  via  the  interface  itself.  Once 
there,  its  effect  depends  upon  the  origin  of  the  bonding.  If 
this  is  mainly  due  to  dispersion  forces,  then  generally  the 
water  will  displace  the  adhesive  from  the  substrate.  This  is 
because,  as  can  be  demonstrated  by  study  of  the  thermodynamics, 
this  loads  to  a  state  of  lower  energy  and  is  thus  favourable. 
If  in  addition  to  dispersion  forces  the  bond  also  involves 
primary  chemical  bonds  between  adhesive  and  substrate  then  the 
situation  is  rather  different.  These  bonds  are  unlikely  to  be 
sensitive  to  hydrolysis  and  are  not  displaced  so  the  bond 
remains  intact.  The  corrosion  which  is  often  to  be  seen  in 
metal  joints  which  have  failed  due  to  moisture  is  now  believed 
to  occur  subsequent  to  de-bonding  and  to  be  a  result  of  rather 
than  a  cause  of  failure. 

So  it  is  important  when  a  joint  is  to  be  exposed  to  mois¬ 
ture  to  take  steps  to  increase  the  primary  chemical  bonding, 
commonly  affected  by  the  use  of  adhesion  promoters  or  primers. 


7.  Conclusion 


It  should  now  be  quite  clear  that  none  of  the  separate 
accounts  of  the  mechanism  of  adhesion  can  reasonably  claim  to 
cover  all  situations.  For  any  satisfactory  account  we  have  to 
look  for  a  contribution  from  several  to  provide  a  combined 
explanation  of  the  observed  behaviour. 

Undoubtedly  in  every  case  where  two  phases  are  brought 
together  there  will  be  dispersion  forces  acting  between  them 
tending  to  hold  them  together.  How  far  these  ubiquitous  forces 
will  be  sufficient  for  practical  bonding  will  depend  upon  the 
extent  and  intimacy  of  the  contact,  but  they  will  inevitably 
contribute  to  the  total  interactions. 

Supplementary  to  these  there  are  the  specific  interactions 
which  have  been  considered  under  the  heading  of  adsorption.  It 
now  appears  that  the  dipole  interactions,  which  had  been  postu¬ 
lated,  are  insignificant  compared  with  those  arising  from 
electron  donor/acceptor  interactions.  These  interactions  are 
now  considered  in  the  Lewis  view  of  acid/base  behaviour  and 
encompass  hydrogen  bonds.  Clearly  these  are  electrostatic 
forces  and  there  must  be  a  convergence  of  this  approach  with 
that  of  Derjaguir  and  his  co-workers  on  the  strictly  electros¬ 
tatic  theory  of  adhesion.  There  appears  to  be  a  need  for  a 
fuller  exploration  of  the  relationship  between  these  two 
methods  of  consideration. 
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If  we  turn  to  the  mechanical  component  of  adhesion  it  is 
evident  that,  other  things  being  equal,  a  surface  which  is 
rough  and  porous  on  a  sufficiently  small  scale  will  result  in 
stronger  bonds  than  one  which  is  relatively  smooth;  always 
provided  that  the  roughness  is  itself  coherent  and  strong. 
There  is  even  some  indication  that  the  precise  morphology  of 
the  structure  of  the  roughness  has  some  effect  upon  the  bonding 
behaviour.  It  is  necessary  that  the  surface,  rough  or  smooth, 
is  properly  wetted  by  the  adhesive,  probably  for  two  reasons. 
First  of  all,  there  must  be  proper  intimate  contact  between  the 
surfaces  of  the  two  phases  so  that  the  dispersion  and  electron 
interaction  forces  can  be  effective.  Secondly,  the  interstices 
of  the  roughness  must  be  penetrated  so  that  advantage  may  be 
taken  of  the  mechanical  effect.  As  the  extreme,  the  mechanism 
whereby  this  penetration  is  achieved,  is  one  of  diffusion  so 
there  is  a  relationship  here  with  the  fundamental  concepts 
originated  by  Voyutskii  even  in  circumstances  remote  from  the 
areas  which  he  was  considering. 

So  we  begin  to  see  that  an  adhesive  bond  achieves  its 
strength  from  the  combination  of  a  variety  of  sources;  the 
adsorption  interactions  including  dispersion  forces,  acid/base 
electron  donor/acceptor  forces,  and  chemical  bonds,  all  of 
which  may  be  described  as  electrostatic;  mechanical  inter¬ 
penetrations  which  depend  both  upon  topography  and  flow  and 
diffusion;  and  in  the  case  of  two  polymers  interdiffusion  of 
polymer  segments.  For  these  various  mechanisms,  the  relative 
importance  and  the  proper  way  in  which  they  should  be  combined 
will  vary  from  one  example  to  another,  but  none  should  be 
excluded  without  very  careful  consideration  and  exploration. 
The  whole  is,  usually,  greater  than  the  sum  of  the  parts. 
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ABSTRACT 

Adhesive  and  film  proper¬ 
ties  of  a  new  semi -crystal line 
polyimide,  designated  LARC-CPI, 
having  a  glass  transition 
temperature  of  222‘’C  and  a 
crystalline  melt  temperature  of 
350°C  are  presented.  The 
films  exhibited  excellent 
resistance  to  solvents  and 
strong  base  and  25  and  232'’C 
tensile  strengths,  tensile 
moduli,  and  elongations  of 
23,000  and  8,400  psi,  630,000 
and  340,700  psi  and  8.3  and 
9.6%  respectively.  Compact 
tension  specimens  from  LARC-CPI 
moldings  displayed  a  fracture 
energy  (Sjc)  of  37.8  in 
Ib/in^.  Titanium  tensile  shear 
specimens  gave  strengths  of 
6250  psi  initially  at  25°C, 


7120  psi  at  25°C  after  1000 
hours  at  232°C,  2800  psi  at 
232°C  after  annealing  for  5 
hours  at  300°C  and  3670  psi  at 
232°C  after  100  hours  at  316“C 
in  air. 

INTRODUCTION 

High  temperature 

adhesives  are  needed  to  join 
ceramics,  composites,  metals 
and  plastics  to  themselves  and 
to  each  other  and  must  often 
retain  high  strength  under 
very  severe  environments. 
These  adhesives  are  required 
for  use  in  a  variety  of 
applications  in  the  aerospace, 
electronic,  energy,  and 
household  industry.  A  major 
part  of  our  effort  has  focused 
on  the  development  of  high 
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temperature  structural  adhe¬ 
sives  for  the  aerospace 
sector.  For  example,  adhesives 
are  required  for  hundreds  to 
thousands  of  hours  of 
performance  around  the  engines 
on  commercial  airplanes  where 
the  temperature  may  be  as  high 
as  “370°C  depending  upon  the 
application.  High  speed 
aircraft  structures  demand  tens 
of  thousands  of  hours  at 
temperatures  up  to  ~260°C. 
Space  vehicles  require 
performance  for  hundreds  of 
hours  at  temperature  to 
~300°C.  Missiles  require 
mechanical  integrity  for  less 
than  a  minute  but  temperatures 
can  exceed  540°C.  Adhesives 
for  use  in  most  of  these 
applications  require  a  unique 
combination  of  properties  such 
as  processability, 
environmental  durability  and 
high  mechanical  properties. 
Many  experimental  polymers  have 
shown  good  adhesive  properties 
for  thousands  of  hours  at  230°C 
and  short  term  at  temperatures 
as  high  as  540°C  (1).  However, 
only  a  few  high  temperature 
organic  adhesives  are  commer¬ 
cially  available*  (2-4).  Of 
these,  LARC-TPI  has  displayed 
excellent  retention  of  adhesive 
properties  at  232°C  after 


32,000  hours  at  232°C  (5).  In 
continuing  work  on  high 
temperature  structural  resins 
for  potential  use  on  aerospace 
vehicles,  a  series  of  new 
polyimides,  many  semi -crystal¬ 
line,  were  prepared  (6).  The 
chemistry,  physical  and 
mechanical  properties  of  one 
of  these  new  semi -crystal line 
polyimides,  designated  LARC- 
CPI,  will  be  discussed  herein 
with  particular  emphasis  on 
the  adhesive  performance. 

EXPERIMENTAL 

Polymer  Synthesis  - 
3,3' ,4,4'-Benzophenonetetra- 
carboxylic  di anhydride  (BTDA) 
was  reacted  with  l,3-bis(4- 
aminophenoxy-4' -benzoyl  )ben- 
zene  {1,3-BABB)  in  N,N- 
di methyl  acetamide  (DMAC)  at 
1S%  solids  content  to 
initially  yield  an  extremely 
viscous  solution  of 


*The  use  of  trade  names  of 
manufacturers  does  not 
constitute  an  official 
endorsement  of  such  products 
or  manufacturers,  ether 
expressed  or  implied,  by  NASA. 
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poly { ami c  acid)  which  dissipat¬ 
ed  after  stirring  overnight  at 
ambient  temperature  to  a  less 
viscous  amber  solution.  This 
solution  was  used  to  cast 
films,  coat  glass  carrier  to 
form  adhesive  tape  or  graphite 
fiber  to  form  prepreg. 
Subsequent  drying  to  300°C 
converted  the  poly ( ami c  acid) 
to  the  polyimide.  More  detail¬ 
ed  discussion  on  the  purifica¬ 
tion  of  BTDA  and  DMAC  and  the 
synthesis  of  1,3-BABB,  the 
poly  ( ami  c  acid)  and  the 
corresponding  polyimide  has 
been  described  elsewhere  (6). 

In  some  cases,  the 
stoichiometry  of  the  polymeri¬ 
zation  of  BTDA  with  1,3-BABB 
was  upset  in  favor  of  the  BTDA 
in  an  attempt  to  obtain  a  lower 
molecular  weight  polymer  with 
better  processability.  As  an 
example,  a  poly(amic  acid)  with 
an  inherent  viscosity  of  0.50 
dL/g  (measured  as  0.5%  concen¬ 
tration  in  DMAC  at  25°C)  was 
obtained  when  the  stoichiometry 
was  upset  by  at  least  5  mole 
percent  in  favor  of  BTDA  and 
the  reaction  was  stirred  at 
ambient  temperature  under 
nitrogen  for  24  hours.  This 
polymer  was  found  to  give 
improved  processability  without 
adversely  affecting  physical 


properties.  The  molecular 

weight  of  the  poly ( ami c  acid) 
as  evidenced  by  inherent 
viscosity  will  change 

(decrease)  upon  longer 
exposure  at  ambient  tempera¬ 
ture.  Cold  storage  of  the 
poly ( ami c  acid)  solution  will 
greatly  lessen  the  change  in 
molecular  weight. 

LARC-CPI  powder  (~170 
microns  in  diameter)  was 
obtained  by  heating  a  m-cresol 
solution  of  the  monomers 
containing  toluene  (to 
azeotrope  the  water)  to  180°C 
for  12  hours.  A  powder 
separated  which  was  isolated 
by  filtration,  boiled  in 
methanol  and  subsequently 
dried  at  300°C  for  1  hour. 

Films  -  The  poly  ( ami  c 
acid)  solution  (15%  solids 
concentration)  was  centrifug¬ 
ed,  the  decantate  cast  onto 
plate  glass  using  a  30  mil 
doctor  blade,  and  dried  to  a 
tack-free  form  in  a  dust-free 
chamber.  The  films  on  glass 
were  then  thermally  converted 
to  the  polyimide  by  heating  in 
air  at  100,  200,  and  300“C  for 
1  hour  at  each  temperature. 
In  some  cases,  boiling  in 
water  was  required  to  remove 
the  polyimide  films  from  the 
glass  plates.  Mechanical 
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properties  of  the  2.0  -  2.5  mil 
thick  films  were  determined 
according  to  ASTM  D882  using 
four  to  six  specimens  per  test 
condition. 

Moldings  -  In  a  1.25  in.^ 
stainless  steel  mold,  the 
LARC-CPI  powder  was  compression 
molded  at  400°C  under  2000 
psi.  Miniature  compact  tension 
specimens  (0.625  x  0.625  x 
0.375  in.  thick)  were  cut  from 
the  molding  and  subsequently 
tested  to  determine  fracture 
toughness  according  to  ASTM 
E399  using  four  specimens. 

Adhesive  Specimens  -  The 
as-made  poly(amic  acid) 
solution  was  used  to  brush  coat 
112  E-glass,  with  an  A-llOO 
finish,  secured  on  a  frame. 
Each  coat  was  dried  in  air  for 
1  hour  each  at  100,  200  and 
300°C  which  converted  the 
poly ( ami c  acid)  to  polyimide. 
Generally,  five  coats  were 
required  to  provide  a  12  mil 
thick  boardy  tape  which 
contained  essentially  no 
volatiles.  Titanium  (Ti, 
6A1-4V)  to  Ti  tensile  shear 
specimens  with  a  Pasa-Jell  107 
surface  were  fabricated  by 
increasing  the  temperature  from 
25  to  400°C  under  various 
pressures  during  "1  hour  and 
holding  at  400°C  under  various 


pressures  for  0.25  to  1.0 
hour.  Four  specimens  were 
tested  for  each  condition 
according  to  ASTM  D1002. 

Characterization  - 
Inherent  viscosities  were 
measured  in  0.5%  solution 
(w/v)  in  DMAC  at  25°C. 
Differential  scanning  calori¬ 
metry  (DSC)  was  performed  at  a 
heating  rate  of  20°C/min  with 
the  apparent  glass  transition 
temperature  (Tg)  taken  at  the 
inflection  point  of  the  aT 
vs.  temperature  curve. 
Thermogravi metric  analysis 
(TGA)  was  conducted  at  a 
heating  rate  of  2.5°C/min  in 
flowing  air  or  nitrogen  on 
powder  samples.  Wide  angle 
x-ray  scattering  data  (WAXS) 
was  obtained  on  thin  film 
specimens  of  the  polyimide. 
With  the  x-ray  diffractometer 
operated  at  45  kV  and  40  mA, 
using  copper  radiation  with  a 
flat  sample  holder  and  a 
graphite  monochromator,  the 
intensity  of  1  s  counts  taken 
every  0.01°  (26)  was  recorded 
on  hard  disk  for  the  angular 
range:  10  -  40°  (26).  An 

external  a-quartz  standard  was 
used  in  goniometer  alignment. 
Polymer  melt  viscosity  was 
measured  using  a  Rheometrics 
System  IV  rheometer  with  a 
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parallel  plate  configuration 
with  the  top  plate  operating  in 
an  oscillating  mode  at 
different  frequencies  (0.1  to 
100  radians/second)  at  a 
temperature  of  375°C  and  395°C. 

RESULTS  AND  DISCUSSION 

A  new  semi -crystal  line 
polyimide,  LARC-CPI,  as 
depicted  in  Eq.  1  was  prepared 
from  the  solution  polymeriza¬ 
tion  of  BTDA  and  1,3-BABB 
followed  by  thermal  cyclodehy¬ 
dration  of  the  precursor  poly- 
(amic  acid).  LARC-CPI  has  good 
thermal  stability  as  indicated 
by  thermogravi metric  analysis 
(Fig.  1)  where  the  temperatures 
of  S%  weight  loss  in  air  and  in 
nitrogen  were  488  and  525°C 
respectively.  Films  of  LARC 
CPI  can  be  easily  formed  by 
casting  the  precursor  poly(amic 
acid)  onto  a  suitable  substrate 
and  subsequently  heating  to 
remove  the  solvent  and  convert 
the  precursor  polymer  to 
polyimide.  The  resulting 
transparent  orange  films 
exhibit  excellent  tensile 
properties,  chemical  and 
solvent  resistance  and  thermal 
stability  as  evidenced  in  Table 
1.  In  addition,  films  showed 
no  change  after  soaking  in 


methylene  chloride.  A 
poly ( ami  c  acid)  (inherent 
viscosity  =  1.26  dL/g)  cast  on 
plate  glass  and  subsequently 
dried  through  1  hour  at  300°C 
provided  tensile  strength  of 
23,000  psi ,  tensile  modulus  of 
630,000  psi  and  break 
elongation  of  8.3%  at  25°C. 
The  film  properties  reported 
are  without  the  benefit  of 
optimization  or  drawing. 

The  properties  of  all  the 
film  specimens  tested  at  25°C 
after  various  exposures  were 
within  the  variation  in  test 
values  normally  encountered  in 
our  laboratory.  It  is 
noteworthy  that  LARC-CPI  films 
retained  excellent  properties 
after  100  hours  in  30%  aqueous 
sodium  hydroxide.  A 
commercial  polyimide  film, 
Kapton®  (7),  exhibited  severe 
degradation  in  30%  aqueous 
sodium  hydroxide  after  only  a 
few  hours.  The  crystalline 
regions  in  the  LARC-CPI 
apparently  protect  the  polymer 
from  chemical  and  solvent 
attack.  The  effect  of 
crystallinity  is  further 
evident  in  the  higher  strength 
and  modulus  of  the  films  aged 
for  100  hours  at  316°C  and 
tested  at  232°C  versus  those 
aged  for  100  hours  at  232°C 
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FIG.  1.  THERMOGRAVIMETRIC  ANALYSIS  CURVES  OF  LARC'CPI 


Table  1 


LARC-CPI  Thin  Film  Tensile  Properties* 


Test  Condition 

Tensile  Strength, 
psi 

Tensile  Modulus, 
psi 

Elongation, 

% 

25“C 

19,400 

615,500 

4.4 

25°C  after  3-day  water  boil 

19,300 

610,400 

4.3 

25‘’C  after  100  hr  soak  in 
hydraulic  fluid  (SKydrol ) 

18,350 

557,300 

4.0 

25‘‘C  after  100  hr  soak  in  30% 
aq.  NaOH 

20,300 

589,500 

5.0 

25*C  after  100  hr  0  232*0 

20,000 

555,500 

5.1 

25*C  after  100  hr  0  316°C 

17,480 

616,400 

4.1 

232*C 

4,600 

239,400 

39.2 

232*C  after  100  hr  0  232*0 

4,800 

256,000 

61.2 

232*0  after  100  hr  0  316*0 

8,400 

340,700 

9.6 

♦Inherent  viscosity  of  polylamic  acid)  =  0.82  dL/g,  cast  on  stainless  steel,  dried  1 
hr  each  0  100,  200,  and  300“C,  cooldown  rapid  in  the  oven,  average  of  four 
specimens 
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FI6.  2.  X-RAY  DIFFRACT06RAM  OF  LARC-CPI  FILM 
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and  tested  at  232X.  WAXS 
verified  that  the  316°C  aged 
film  was  more  crystalline  than 
the  232°C  aged  film.  A  typical 
WAXS  diffactogram  of  unoriented 
LARC-CPI  film  dried  through  1 
hour  at  300°C  in  air  on  plate 
glass  in  Fig.  2  showed  it  to  be 
semi -crystal  line  with  three 
major  reflections. 

Further  evidence  for 
crystallinity  in  the  LARC-CPI 
film  was  obtained  from  DSC 
measurements  as  shown  in  Fig. 
3.  Run  1  curve  shows  an 
intense  endotherm  peaking  at 
350°C  due  to  melting  of  the 
crystalline  regions.  After 
quenching  the  sample  from  run  1 
and  reheating,  a  second  order 
transition  (Tg)  is  readily 
apparent  at  222°C  with  a  small 
melting  endotherm  present  at 
350  -  360°C.  Run  3  is  the 
sample  from  run  2  after  cooling 
slowly  and  reheating.  Again  a 
well-defined  Tg  transition  is 
apparent  at  222°C  with  a 
slightly  more  intense  melting 
endotherm  in  the  350  -  360°C 
range.  Run  4  is  the  sample 
from  run  3  which  was  held  for 
45  minutes  at  300°C  and  slowly 
cooled.  A  Tg  transition  at 
224°C  and  a  more  intense 
melting  endotherm  at  354°C  are 
evident. 


The  melt  viscosity  of 
small  molded  discs  of  LARC-CPI 
powder  were  determined  at  375 
and  395°C  over  a  frequency 
range  of  10“^  to  10^ 
radians/second.  As  shown  in 

Fig.  4,  LARC-CPI  undergoes 
shear  thinning,  evident  from 
the  decrease  in  melt  viscosity 
of  more  than  two  decades  as 
the  frequency  was  increased 
from  10"^  to  10^  radians/ 
second. 

LARC-CPI  powder  was 

compression  molded  at  400°C 
under  2000  psi  to  yield  mold¬ 
ings  which  were  subsequently 
cut  and  machined  into 
miniature  compact  tension 
specimens  (8).  DSC  analysis 

of  the  molding  was  similar  to 
that  of  the  quenched  film  in 
run  2  of  Fig.  4,  indicating 
amorphism.  Fracture  energy 
(Gic»  critical  strain  energy 
release  rate)  of  37.8  in 
Ib/in^  (6600  J/M^)  was 

obtained  using  the  modulus 

(402,000  psi)  of  essentially 
amorphous  LARC-CPI  (6)  in  the 
calculations.  The  failed 

fracture  surfaces  of  the 
specimens  were  very  rough  due 
to  yielding  and  highly  crazed, 
indicative  of  a  fracture 

mechanism  that  absorbs  energy 
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ENDO 


Run  1  -  Film 
dried  through 
1  hr  at  300OC 
on  glass  in  air 


Heating  rate:  20OC/min 
Sample  size:  8. 6mg 
Sensitivity:  1. 0(mcal/sec)/in 


350^0 

Run  2  -  Quenched  after 
heating  to  3750C 

Run  3  -  Slow  cooling  after 
heating  to  3750C 

Run  4  -  Held  at  300OC 
for  45  min,  cooled  slowly 

354°C 

150  200  250  3M  350  400 

Temperature,  °C 

DIFFERENTIAL  SCANNING  CALORIMETRIC  CURVES 
OF  LARC-CPI 


by  distributing  it  over  a  large 
surface  area. 

Since  preliminary 

compression  molding  efforts 
indicated  relatively  high 
pressures  were  required  to  mold 
LARC-CPI  at  400°C,  a  brief 
study  was  conducted  to  assess 
the  effect  of  molecular  weight 
on  processability  and  adhesive 
properties.  Three  different 
molecular  weight  versions  of 
LARC-CPI  [based  upon  the 
inherent  viscosities  of  the 
precursor  poly(amide  acid)] 
were  prepared.  As  shown  in 
Table  2,  pressures  from  200  to 
2000  psi  at  400°C  were  employed 
to  fabricate  tensile  shear 
specimens.  As  the  molecular 
weight  of  LARC-CPI  increased, 
higher  pressures  were  required 
to  obtain  good  bonding  and 
accordingly  high  strength. 
With  the  lowest  molecular 
weight  version  of  LARC-CPI, 
high  bond  strength  was  obtained 
at  500  psi.  Work  is  currently 
underway  to  alter  LARC-CPI  to 
obtain  good  processability  at 
lower  pressure  (e.g.  200  psi). 
Table  3  summarizes  the  tensile 
shear  strengths  of  LARC-CPI 
under  a  variety  of  test 
conditions.  Strength  of  6250 
psi  was  obtained  at  25°C  which 
decreased  only  to  5140  psi 


after  a  3-day  water  boil. 
Pasa-Jell  107  surface  treated 
Ti/Ti  tensile  shear  specimens 
generally  exhibit  a  drop  in 
strength  to  the  2500  -  3000 
psi  level  after  a  3-day  water 
boil.  The  change  is  due  to 
water  attacking  the  interface 
causing  debonding.  The  25°C 
strength  surprisingly  increas¬ 
ed  to  7120  psi  after  aging  for 
1000  hours  at  232°C.  Under 
these  conditions,  LARC-CPI 
becomes  more  crystalline  which 
obviously  is  accompanied  by 
some  shrinkage.  Perhaps  this 
contraction  enabled  LARC-CPI 
to  bond  to  the  oxide  layer 
more  tenaciously.  The  initial 
strength  at  232®C  was  590  psi 
and  the  tested  specimens 
exhibited  “95%  adhesive  type 
failure.  After  5  hours  at 
300°C,  the  232°C  strength 
increased  to  2800  psi  and  the 
failure  mode  changed  to  “80% 
cohesive.  This  drastic  change 
is  attributed  to  increased 
crystallinity  in  LARC-CPI. 
The  Tg  is  222°C  and  excellent 
strength  at  232°C  is  obtained 
because  the  crystalline 
regions  carry  the  load. 
Further  improvement  in  the 
232°C  strength  to  3670  psi  was 
observed  for  specimens  aged 
for  100  hours  at  316“C.  This 
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Table  2 


Effect  of  Bonding  Pressure  on  LARC-CPI  Adhesive  Strength* 


Inherent  Viscosity 
of  Poly(amic  acid), 
dL/g 

400“C  Bonding 
Pressure,  psi 

25®C  Ti/Ti  Tensile  Shear  Data 

Strength,  psi 

Failure 

0.50 

2250 

Incomplete  bonding 

5600 

Cohesive 

6250 

1 

5970 

V 

0.70 

500 

5470 

Cohesive 

1000 

5730 

1 

2000 

6210 

V 

1.10 

200 

3430 

Incomplete 

500 

3770 

bonding 

1000 

4450 

2000 

4870 

Y 

*15  min 


Table  3 

LARC-CPI  Ti/Ti  Tensile  Shear  Data* 


Test  Condition 
ES^C 

25°C  after  3-day  water  boil 
25‘’C  after  72  hr  hydraulic  fluid  soak 
25‘’C  after  1000  hr  0  232°C 
25°C  after  5  hr  0  300'’C,  100  psi 
25”C  after  100  hr  0  316''C 
177°C 

177‘'C  after  4  hr  0  300°C,  100  psi 
232°C 

232''C  after  100  hr  0  232°C 
232‘’C  after  1000  hr  0  232“C 
232'’C  after  5  hr  0  300‘’C,  100  psi 
232°C  after  100  hr  0  316°C 


Strength,  psi 

Failure 

6250 

>  95%  Cohesive 

5140 

"90%  Cohesive 

5590 

"70%  Cohesive 

7120 

"100%  Cohesive 

6130 

>  95%  Cohesive 

4590 

"70%  Cohesive 

4510 

>  95%  Cohesive 

4690 

'100%  Cohesive 

590 

"95%  Adhesive 

1840 

“50%  Cohesive 

2740 

'50%  Cohesive 

2800 

1 

~80%  Cohesive 

3670 

>  95%  Cohesive 

*Pasa-Jell  107  surface  treatment,  inherent  viscosity  of  polyiamic  acid) 
0.50  dL/g,  bonding  conditions,  AOD'C,  1000  psi,  15  min 
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excellent  strength  at  232'’C 
after  aging  for  100  hours  at 
316°C  in  circulating  air  also 
reflects  the  good  thermooxi da¬ 
tive  stability  of  LARC-CPI. 

CONCLUSIONS 

A  new  semi -crystal  line 
polyimide  with  a  Tg  of  222°C 
and  a  of  350°C  exhibits 
the  following  attractive 
properties: 

0  Excellent  thermal  and 
thermooxi dati ve  stability 
0  High  film  mechanical 
properties 

0  Excellent  resistance  to 
solvents  and  strong  bases 
0  High  fracture  energy 
0  High  adhesive  properties 
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Unmodified  epoxy  adhesives 
are  relatively  brittle,  which 
leads  to  low  strength  and  poor 
impact  properties  in  the  pre¬ 
sence  of  defects.  Considerable 
effort  has  been  expended  to 
improve  the  fracture  properties , 
and  ease  of  curing  (l,2).  We 
describe  here  an  alternative 
approach,  which  involves  the 
addition  of  5-15^  of  a  low 
molecular  weight  material  which 
can  increase  the  tensile  strength 
f>y  50%,  the  tensile  modulus  by 
60%,  yet  not  induce  brittleness 
(tensile  test  specimens  fail  in 
a  ductile  fashion).  Unlike  the 
commonly-used  rubber  modified 
systems,  these  additives  do  not 
phase  separate  during  the  cure 
and  function  by  modifying  the 
free  volume  available  for  motion 
of  the  polymer  chains  (3-5)* 
Versions  of  these  additives  are 
presently  marketed  by  the 
licensee  of  this  technology. 
Uniroyal  Canada  Ltd. ,  under  the 
trade  name  "Fortcnox". 

Two  typical  additive 
formulations  are  shown  below. 

In  general  they  consist  of  a 
stiff  polar  molecule  (eg  4- 
hydroxyacetanilide )  reacted  with 
a  mono-  or  non-symmetrical 
diepoxide  to  improve  its  solu¬ 
bility  in  the  crosslinked  epoxy 
matrix. 


Structure  I  Structure  II 

The  additives  are  simply 
nixed  with  the  resin  and  curing 
agent  just  before  curing  (some 
formulations  may  be  pre-com- 
pounded  with  either  the  resin  or 
curing  agent  before  use). 

Figures  1  to  E  shew  the 
benefits  of  addition  of  these 


materials  (commonly  known  as 
"fortifiers").  Tensile  stress- 
strain  curves  (Figure  l)  show  the 
increase  in  modulus  and  strength, 
and  the  occurrence  of  a  ductile 
failure  m-ode.  Figure  2  shows  the 
change  in  fracture  toughness  (an 
increase  at  low  strain  rates,  no 
change  at  higher  rates)  that  occurs 
for  compact  tension  specimens. 
Figure  3  demonstrates  that  the 
improvement  in  mechanical  properties 
is  retained  even  after  immersion  in 
boiling  water  or  aging  at  T5°C  and 
95^  R.H.  Subsequent  redrying 
returns  the  tensile  properties 
almost  to  their  original  values. 
Figure  4  illustrates  that  good 
mechanical  properties  can  be 
obtained  with  a  60°C  cure  for  a 
system  which  usually  will  not  cure 
satisfactorily  at  <100®C.  Lower 
temperature  ,  cure  systems  show  a 
similar  increase  in  cure  rate. 
Other  important  material  properties 
are  reported  elsewhere  (3-5), 
including  a  significant  reduction 
in  the  coefficient  of  thermal 
expansion,  which  has  obvious 
relevance  to  adhesives  applica¬ 
tions  . 

The  effect  of  these  additives 
on  the  m.odulus  of  the  crosslinked 
epoxy  have  been  explained  in  terms 
of  the  concept  of  "antiplasticiza¬ 
tion",  i.e.  a  decrease  in  free 
volume  produced  by  strong  molecular 
interactions  between  the  additive 
and  the  network.  The  decreased 
free  volume  reduces  polymer  segmen¬ 
tal  motion  and  so  increases  the 
modulus  (3-5).  The  surprising 
occurrence  of  a  ductile  failure 
m.ode  along  with  an  increase  in 
modulus  is  explained  in  terms  of 
the  low  Poisson's  ratio  of  these 
materials,  i.e.  their  large  in¬ 
crease  in  free  volume  with  strain. 
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At  strains  of  i+-5^  the  increase 
in  free  volume  is  sufficient  to 
take  the  material  through  the 
glass  to  rubber  transition,  and 
so  yielding  occurs.  This  model 
can  be  placed  on  a  quantitative 
basis  by  comparing  thermal 
expansion  data  with  strain- 
induced  expansion  data  obtained 
with  perpendicularly  aligned 
strain  gauges. 
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Figure  1  Tensile  stress-strain. 
Epcn  828-DDM  (a)  control  (b)  +15 
phr  EPPHAA  (c)  +30  phr  EPPHAA 


Crosshead  Speed  mm/min 

Figure  2  Fracture  toughness 
Epon  828-DDM  A  control  o  +  30 
phr  EPPHAA 


Concentration  of  C  phr 

Figure  3  Retention  of  tensile 
properties  o  original  plastic 
Aboiled  15  min,  EJ  8  days  75°C, 
95%  R.H. 


Final  Cure  Temperature  C 

Fipire  1+  Tensile  strength  as  a 
Faction  of  cure  temperature. 

A  control  o  +  30  phr  EPPHAA 
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ABSTRACT 

During  the  past  10-15 
years,  the  Materials  Division 
at  NASA  Langley  Research  Center 
(LaRC)  has  developed  several 
novel  high  temperature  poly- 
imide  adhesives  for  anticipated 
needs  of  the  aerospace 
industry.  These  developments 
have  resulted  from  fundamental 
studies  of  structure-property 
relationships  in  polyimides. 
Recent  research  at  LaRC  has 
involved  the  synthesis  and 
evaluation  of  copolyimides 
which  incorporate  both  flexibi- 
lizing  bridging  groups  and 
meta-1 inked  benzene  rings.  The 
reason  for  this  activity  was  to 
develop  systems  based  on  low 
cost,  readily  available 
monomers.  Two  of  these  copoly¬ 
imides  evaluated  as  adhesives 
for  bonding  titanium  alloy, 
Ti-6A1-4V,  are  identified  as 
LARC-STPI  and  STPI-LARC-2  and 


are  compared  with  LARC-TPI. 

Lap  shear  strength  (LSS) 
measurements  were  used  to 
determine  the  strength  and 
durability  of  the  adhesive 
materials.  LSS  results  are 
presented  for  LARC-TPI,  STPI- 
LARC-2,  and  LARC-STPI  lap 
shear  specimens  before  and 
after  thermal  exposure  in  air 
for  up  to  5000  hrs  and  a  72- 
hour  water-boil.  LARC-TPI  was 
shown  to  perform  better  than 
the  copolymer  LARC-STPI  which 
exhibited  poor  thermooxi dative 
performance  possibly  due  to 
the  amines  used  which  would 
tend  to  oxidize  easier  than 
the  benzophenone  system  in 
LARC-TPI.  Lap  shear  strengths 
decreased  after  the  water-boil 
test,  however,  useable 
strengths  were  retained  at 
204°C  for  LARC-STPI  and  STPI- 
LARC-2  and  at  177°C  for  LARC- 
TPI. 
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INTRODUCTION 


There  are  few  materials 
available  which  can  be  used  as 
aerospace  adhesives  at  tempera¬ 
tures  in  excess  of  200‘*C. 

During  the  past  10-15  years, 
the  Materials  Division  at  NASA 
Langley  Research  Center  has 
developed  several  novel  high 
temperature  polyimide  adhesives 
to  fulfill  the  anticipated 
needs  of  the  aerospace 
industry.  These  developments 
have  resulted  from  fundamental 
studies  of  structure-property 
relationships  in  polyimides. 

Two  materials  that  have 
exhibited  exceptional  adhesive 
properties  are  LARC-TPI^~^ 
(Langley  Research  Center 
Thermoplastic  Imide)  and  PIS02 
(a  thermoplastic  polyimidesul- 
fone).  The  structures  of 
these  are  illustrated. 


In  examining  these 
structures  one  should  notice 
that  the  backbones  are  identi¬ 
cal  with  one  exception  -  a 
carbonyl  group  in  LARC-TPI  and 
a  sulfone  group  in  PI $02.  The 
primary  characteristic  that 
imparts  the  thermoplastic 
nature,  and  hence  good  adhe¬ 
sive  properties,  to  these 
systems  is  the  degree  of 
flexibility  along  the  back¬ 
bone.  In  this  regard,  the 
flexibility  is  introduced  via 
the  carbonyl  bridging  group  in 
the  anhydride-derived  portion 
of  the  chain  and  from  the 
sulfone  and  carbonyl  groups  in 
the  diamine-derived  portion  of 
the  chain.  In  addition  a  key 
factor  is  the  meta -oriented 
linkage  to  the  benzene  rings 
in  the  amine-derived  segments. 
The  corresponding  systems  with 
para-oriented  linkages  exhibit 
very  little  thermoplasticity. 
The  structures  are  shown  below 
for  comparison. 
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A  recent  research  program 
at  NASA  Langley  has  involved 
the  synthesis  and  evaluation  of 
copoly i mi des  which  incorporate 
both  flexibilizing  bridging 
groups  and  met a -linked  benzene 
rings.  This  activity  was 
undertaken  in  order  to  develop 
systems  based  on  low  cost, 
readily  available  monomers. 

The  approach  involved  the 
preparation  of  copolyimides  of 
the  following  structure: 


In  the  cases  studied  to 
date,  X  is  an  oxygen  and  y  is 
either  an  oxygen  or  a  carbonyl. 
Models  of  this  system  and  of 
the  LARC-TPI  and  PIS02  were 
prepared  and  compared.  All 
systems  exhibited  similar  long 
range  flexibility  with  the 
LARC-TPI  and  PIS02  exhibiting 
more  uniform  short  range 
flexibility. 

8^9 

The  two  copolyimides 
that  have  been  evaluated  as 
adhesives  for  bonding  a 
titanium  alloy  (Ti-6A1-4V)  are 
on  the  following  page. 


MATERIALS 

The  chemicals  were 
obtained  from  commercial 
sources.  The  list  of 
chemicals,  abbreviations  and 
their  sources  follows: 
benzophenonetetracarbo)^!  i c 
acid  di anhydride  (BTDA),  King 
Mar  Laboratories;  oxydiphtha- 
lic  anhydride  (ODPA),  Ciba- 
Geigy  (made  on  NASA  contract); 
4,4'-oxydianiline  (ODA), 


Mallinckrodt,  Inc.;  meta- 
phenylenedi amine  (MPD), 

N,N-di methyl  acetamide  (DMAc), 
2-methoxyethyl ether  (diglyme), 
N-methyl pyrrol i done  (NMP), 
Fluka  Chemical  Co.;  and 
phthalic  anhydride  (PA), 
Eastman  Kodak  Co. 

SYNTHESIS 

The  preparation  of  the 
copolyimides  were  carried  out 
at  room  temperature  in  a  1000 
ml  cylindrical  reaction  flask 
with  a  removable,  four-necked 
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LARC-STPI 


STPI-LARC-2 


top.  Stirring  of  the  mixture 
was  accomplished  using  an 
impeller  blade  driven  by  a 
constant-torque,  overhead  motor 
equipped  with  a  variable  speed 
control . 

The  BTDA  or  ODPA  (0.050M) 
and  PA  {0.002M)  were  slurried 
in  a  mixed  solvent  system  of 
diglyme  with  either  NMP  or 
DMAc.  To  this  was  added  ODA 
(0.025M)  and  the  mixture  was 
allowed  to  stir  for  15  min  to 
form  a  solution.  Next  the  MPD 
(0.025M)  was  added  and  the 
solution  was  stirred  for  an 
additional  35  min.  The  resin 
was  decanted  from  the  vessel . 

In  this  manner,  a  15  wt  % 
solids  solution  of  LARC-STPI 


with  a  3:1  ratio  of  amide/ 
ether  solvent  was  prepared. 

The  STPI-LARC-2  was  prepared 
as  a  17.5  wt  %  solids  solution 
with  an  approximate  1.6:1 
ratio  of  amide/ether  solvent. 
An  inherent  viscosity  of  0.52 
dl/g  was  obtained  for  the 
LARC-STPI  resin  and  0.65  for 
STPI-LARC-2. 

CHARACTERIZATION 

Lap  shear  strength  was 
obtained  according  to  ASTM 
D-1002  using  a  Model  TT-C 
Instron  Universal  Testing 
Machine.  The  lap  shear 
strengths  reported  represent 
an  average  of  four  lap  shear 
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specimens  per  test  condition. 
The  range  of  the  lap  shear 
strengths  is  indicated  by  dash¬ 
ed  lines  in  the  bar  graph 
figures.  The  average  bondline 
thickness  for  LARC-STPI  was 
0.017  cm  with  a  range  of  0.014 
cm  to  0.020  cm.  STPI-LARC-2 
averaged  0.019  cm  with  a  range 
of  0.015  cm  to  0.021  cm.  Due 
to  the  greater  flow  of  the 
LARC-TPI  adhesive,  average 
bondline  thickness  for  the 
LARC-TPI  was  0.009  cm  with  a 
range  of  0.007  cm  to  0.011  cm. 
Specimens  were  heated  in  a 
clam-shell,  quartz-lamp  oven 
and  were  held  at  temperature 
for  10  minutes  prior  to  testing 
except  for  the  water-boil 
specimens  which  were  tested  as 
soon  as  the  test  temperature 
was  reached.  Temperatures  were 
controlled  to  within  ±  3°C  for 
all  tests.  Glass  transition 
temperatures  (Tg)  were  deter¬ 
mined  by  differential  scanning 
calorimetry  (DSC)  for  films  of 
the  polymers  using  a  DuPont* 
Thermal  Analysis  System.  DSC 
measurements  were  run  in  air  at 
50°C/min.  The  inherent  viscos¬ 
ity  reported  is  the  average  of 
three  measurements  on  0.5  wt  % 
solids  solutions  in  DMAc  made 
at  35°C  ±  0.01°C  using  a  Cannon 
Ubbelohde  viscometer. 


ADHESIVE  BONDING 

Adhesive  tapes  for  the 
LARC-STPI,  STPI-LARC-2,  and 
LARC-TPI  prepared  by  brush 
coating  a  solution  of  the 
polyamic  acid  onto  112  E-glass 
cloth  with  A-llOO  finish 
(Y-aminopropysilane).  The 
glass  cloth  had  been  tightly 
mounted  on  a  metal  frame  and 
dried  in  a  forced-air  oven  for 
30  min  at  100°C  prior  to 
coating.  The  coated  cloth  was 
then  air-dried  for  1  hr  and 
heated  for  1  hr  or  more  at 
each  of  three  temperatures: 
lOO^C,  150°C,  and  175“C. 
Subsequent  applications  were 
treated  in  the  same  manner 
until  a  thickness  of 
0.020-0.025  cm  was  obtained. 

The  reaction  scheme  for 
LARC-TPI,  developed  at  NASA 
Langley  Research  Center  in  the 
late  1970 's  from  BTDA  and 
3,3' -di ami nobenzophenone 
(3,3'-DABP)  in  diglyme  solvent 
is  shown  in  Figure  1.^ 
LARC-TPI,  Lot  No.  26-001,  was 
supplied  by  Mitsui  Toatsu 


*Use  of  trade  names  or  company 
names  does  not  constitute  an 
official  endorsement  by  NASA, 
either  expressed  or  implied. 


41 


Chemicals,  Incorporated,  Tokyo, 
Japan,  as  a  29.1  wt  %  solids 
polyamic  acid  solution  in 
diglyme  with  an  inherent 
viscosity  of  0.54  dl/g  (SS^C). 


0  H  -I 


'COOH 


ThtrmopUstic  Polyimide 
LARC-TPI 


Figure  1.  Reaction  scheme  for  LARC-TPi. 


The  reaction  schemes  for 
LARC-STPI  and  STPI-LARC-2  are 
shown  in  Figure  2.  The 
anhydride  monomers  had  only 
partial  solubility  in  the  mixed 
solvent  system  of  diglyme  and 
DMAc  (NMP).  The  di functional 
anhydride  allows  for  molecular 
weight  buildup  (chain  growth); 
the  PA  was  used  as  a  method  of 
controlling  the  molecular 
weight  so  that  the  level  was 
high  enough  to  yield  tough, 
flexible  polymers,  but  not  so 
high  as  to  inhibit  the 
thermoplastic  flow  properties. 
The  resulting  polymer  did 


afford  a  flexible  film  when 
cast  and  cured  to  300“C. 

There  was  adequate  thermo¬ 
plastic  flow  as  evidenced  by 
the  softening  that  occurred 
during  the  adhesive  bonding 
operation. 

The  prepared  adhesive 
tapes  were  used  to  bond 
titanium  adherends  (Ti-6A1-4V, 
per  Mil-T-9046E,  Type  III 
Comp.  C)  with  a  nominal 
thickness  of  0.13  cm  for  the 
adherends.  The  Ti-6A1-4V 
panels  were  grit  blasted  with 
120  grit  aluminum  oxide, 
washed  with  methanol,  and 
treated  with  Pasa-Jell  107*  to 
form  a  stable  oxide  on  the 
surface.  The  adherends  were 
washed  with  water  and  dried  in 
a  forced-air  oven  at  100“C  for 
5  min.  The  treated  adherends 
were  primed  within  two  hrs  of 
the  surface  treatment  by 
applying  a  thin  coat  of  the 
polyamic  acid  solution  of  the 
respective  adhesives  on  the 
surfaces  to  be  bonded.  After 
air-drying  in  a  forced-air 
oven  for  30  min,  they  were 
heated  for  15  min  at  100“C  and 


♦Trade  name  for  a  titanium 
surface  treatment  available 
from  Semco,  Glendale,  CA. 
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15  min  at  150“C.  Lap  shear 
specimens  were  prepared  by 
inserting  the  adhesive  tape 
between  the  primed  adherends 
using  a  1.27  cm  overlap  (ASTM 
D-1002)  and  applying  2.1  MPa 
pressure  in  a  hydraulic  press 
during  the  heating  schedule. 
Bonding  temperature  was 
monitored  using  a  type  K 
thermocouple  spot-welded  to  the 
titanium  adherend  at  the  edge 
of  the  bondline.  A  bonding 
cycle  was  determined 
in  a  preliminary  study  (2.1 
MPa,  RT  to  343°C,  hold  1  hr) 
and  used  to  prepare  lap  shear 
specimens  for  thermal  exposure 
for  up  to  5000  hrs  at  204°C  and 
up  to  5000  hrs  at  232°C  for 
LARC-TPI  and  LARC-STPI. 

Thermal  exposure  was  performed 
in  a  forced-air  oven  controlled 
within  -  1%  of  the  desired 
exposure  temperature.  Lap 
shear  tests  were  conducted  at 
room  temperature,  177°C,  204°C 
and  in  some  cases,  232®C  before 
(controls)  and  after  exposure. 

A  72-hr  water-boil  test 
was  conducted  in  laboratory 
glassware  containing  boiling 
distilled  water.  Lap  shear 
specimens  were  immersed  (above 
the  bonded  area)  during  the 
72-hr  period.  Lap  shear 
strengths  were  subsequently 


determined  at  room  tempera¬ 
ture,  177°C,  and  204“C. 

RESULTS  AND  DISCUSSION 

An  initial  comparison  of 
room  temperature  and  204“C  lap 
shear  strengths  for  the  three 
primary  adhesive  systems  of 
this  study  and  PIS02  are  shown 
in  Table  I. 

All  systems  have 
excellent  RT  and  204“C  lap 
shear  strengths  and  relatively 
high  Tgs  (260°C  to  283“C). 

THERMAL  EXPOSURE  TESTS 

The  stability  of  the 
adhesives  to  long  term  thermal 
exposure  was  determined  for 
the  three  adhesive  systems  by 
exposing  lap  shear  specimens 
for  up  to  5000  hrs  at  204“C  in 
a  forced-air  oven.  Lap  shear 
strengths  were  determined  at 
RT,  177°C,  and  204°C  before 
(controls)  and  after  exposure. 

Results  for  LARC-STPI  are 
given  in  Figure  3.  Little 
change  in  lap  shear  strength 
was  observed  due  to  the 
thermal  exposure.  The  500  and 
1000  hr  exposure  strengths, 
approximately  23  MPa,  are  the 
same,  but  slightly  lower  than 
the  controls  strengths. 
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Figure  2.  Reaction  scheme  for  formation  of  LARC-STPI  and  STPI-LARC-2. 
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TABLE  I 


Lap  Shear  Strength,  MPa  (psi) 

Adhesive 

RT 

204°C 

o 

O 

LARC-TPI 

33.0  (4791) 

25.2  (3660) 

260 

PIS02 

25.2  (3650) 

20.1  (2920) 

273 

LARC-STPI 

26.6  (3858) 

25.0  (3626) 

283 

STPI-LARC-2 

35.2  (5111) 

26.8  (3890) 

279 

approximately  26  MPa.  The 
primary  failure  mode  of  the 
fractured  specimens  was  cohe¬ 
sive  except  for  the  500  and 
1000  hr  exposure  specimens 
tested  at  RT  which  were 
adhesive/cohesive  and  adhesive, 
respecti vely. 

Results  for  STPI-LARC-2 
adhesive  are  given  in  Figure 
4.  Little  change  in  lap  shear 
strength  was  noted  due  to 
thermal  exposure  at  204°C  for 
up  to  1000  hrs  exposure.  How¬ 
ever,  for  the  5000  hr  exposure, 
RT  and  the  204°C  strengths 
decreased  significantly  but 
were  still  respectable  (RT  -  18 
MPa,  204°C  -  21  MPa). 

Strengths  were  retained  for  the 
232°C  test.  A  general  decrease 
in  RT  lap  shear  strength  was 
noted.  A  slight  decrease  in 
lap  shear  strength  with  test 
temperature  was  shown  for  the 


control  tests  -  RT,  35.1  MPa, 
177“C,  32.7  MPa;  and  204'’C, 

26.2  MPa.  Failures  were 
primarily  cohesive  except  for 
the  RT  test  for  those  given 
1000  hr  and  5000  hr  thermal 
exposures  which  were  primarily 
adhesive.  Results  in  Figure  6 
show  a  55%  strength  retention 
at  RT  and  73%  retention  at 
204°C  for  specimens  aged  5000 
hrs  at  204°C. 

Results  are  given  in 
Figure  5  for  the  LARC-TPI 
adhesive.  No  significant 
difference  was  found  in  the 
lap  shear  strength  with  time 
of  thermal  exposure  up  to  1000 
hrs  for  any  one  temperature 
(RT,  32.9  -  34.1  MPa;  177“C, 
29.0  -  29.9  MPa;  and  204°C, 

25.2  -  27.8  MPa).  There  is  a 
general  trend  of  decreasing 
lap  shear  strength  with 
increasing  test  temperature 
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Figure  3.  Effects  of  thermal  exposure  in  air  at  204b  on  lap  shear  strength 
for  titanium  bonded  with  LARC-STPI  adhesive. 


Lap  shear 
strength. 
MPa 


0 

Figure  4.  Effects  of  thermal  exposure  in  air  at  204C  on  lap  shear  strength 
for  titanium  bonded  with  STPI-LARC-2  adhesive. 
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Figure  5.  Effects  of  thermal  exposure  in  air  at  204C  on  lap  shear  strength 
for  titanium  bonded  with  LARC-TPI  adhesive. 


•  Tg  determined  by  DSC  measurement  made  on  films  heated  1  hour  at  100°C, 
200°C,  and  3(XPC  for  each  adhesive  film. 


0 

Figure  6.  Lap  shear  strength  results  for  tests  up  to  260C  of  titanium  bonded 
with  LARC-STPl,  STPI-LARC-2.  and  LARC-TPI  adhesives. 
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except  for  the  5000  hr  exposure 
results.  All  failures  were 
100%  cohesive.  Data  obtained 
for  5000  hrs  exposure  show  a 
small  decrease  for  the  RT  and 
177°C  tests  but  no  change  for 
the  204°C  test. 

We  chose  to  age  the 
LARC-STPI  system  at  232°C  for 
comparison  with  the  data  base 
of  LARC-TPI.  A  comparison  of 
the  two  systems  is  shown  in 
Table  II.  As  seen  in  the 
table,  the  copolymer  does  not 
perform  as  well  as  the 
LARC-TPI.  After  the  postcure 

TABLE  II 


possibly  due  to  the  amine 
portions  of  the  LARC-STPI. 

The  amines  used  in  this 
polymer  should  have  more 
tendency  to  oxidize  than  the 
benzophenone  system  used  for 
LARC-TPI. 

Lap  shear  strengths  up  to 
260°C  were  obtained  for  the 
three  adhesive  systems  to 
determine  their  possible  use 
temperature  capabilities 
(Figure  6).  Quite  obviously, 
STPI-LARC-2  and  LARC-TPI 
decrease  drastically  at  the 
260“C  test  temperature  because 


Lap  Shear  Strength,* 

MPa 

(psi ) 

Aging  Time  at 

232°C,  Hours 

LARC-TPI 

LARC-STPI 

0 

13.6  (1970) 

24.7  (3580) 

168 

19.6  (2840) 

24.7  (3590) 

2500 

23.4  (3390) 

17.7  (2570) 

5000 

23.7  (3440) 

9.8  (1420) 

nested  at  232°C 

effect,  the  LARC-TPI  retained 
its  strength  whereas  the 
LARC-STPI  copolymer  retained 
only  40  percent  of  its  highest 
strength  value.  This  poor 
thermooxi dative  performance  is 


the  Tg  of  the  adhesives  were 
exceeded  (all  _<  246°C)  (Tg 
determined  by  TMA  of  the 
adhesive  on  a  fractured 
specimen).  The  Tgs  given  in 
Figure  6  were  determined  by 
DSC  on  films  heated  for  one 
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hr  each  at  100°C,  200°C,  and 
300°C.  Although  the  STPI-LARC- 
2  and  LARC-TPI  have  high  lap 
shear  strengths  at  RT,  177°C, 
and  204°C,  the  LARC-STPI 
because  of  its  high  Tg  has 
greater  strength  at  232“C  and 
is  the  only  one  of  the  three 
with  good  strength  at  260''C. 

All  three  systems  show 
promising  results  for  the 
thermal  exposure  investigated. 
In  general,  LARC-TPI  and 
STPI-LARC-2  had  approximately 
the  same  range  of  lap  shear 
strengths  which  were  higher 
overall  than  the  LARC-STPI 
system.  However,  the  LARC-STPI 
system  had  a  higher  Tg  than 
LARC-TPI  and  STPI-LARC-2  which 
generally  indicates  a  higher 
potential  use  temperature.  All 
failures  for  the  LARC-TPI  were 
100%  cohesive,  whereas,  the 
LARC-STPI  and  STPI-LARC-2 
failed  primarily  cohesively 
with  partial  adhesive  failures. 

72-HOUR  WATER-BOIL 

The  resistance  of  the 
three  adhesives  to  water 
(humidity)  was  determined  by 
immersing  lap  shear  specimens 
in  distilled  boiling  water  for 
a  72-hour  period  and 
subsequently  testing  their  lap 


shear  strengths  at  RT,  177°C, 
and  204°C.  Results  of  those 
tests  are  given  in  Figure  7 
for  the  LARC-STPI  adhesive 
system,  Figure  8  for 
STPI-LARC-2,  and  in  Figure  9 
for  the  LARC-TPI  system. 

The  lap  shear  strengths 
of  LARC-STPI  specimens  after 
water-boil  were  88%  of  the 
control's  RT  strength,  62%  of 
the  control 's  177“C  strength, 
and  68%  of  the  control's  204°C 
strength.  The  lap  shear 
strengths  for  the  STPI-LARC-2 
were  52%  of  the  control's  RT 
strength  and  50%  of  the 
control's  204“C  strength.  The 
lap  shear  strengths  for  the 
LARC-TPI  were  84%  of  the 
control's  RT  strength,  67%  of 
the  control 's  177 “C  strength, 
and  40%  of  the  control's  204°C 
strength.  From  these  results, 
it  appears  that  the  LARC-STPI 
and  LARC-TPI  adhesive  systems 
retain  a  high  percentage  of 
the  original  RT  strength.  The 
LARC-STPI  also  retained  the 
highest  percentage,  68%,  of 
the  original  strength  for  the 
204°C  test  temperature. 
Failures  were  primarily 
cohesive  for  the  LARC-STPI  and 
LARC-TPI  adhesive  systems 
whereas  they  were  cohesive/ 
adhesive  after  water-boil  for 
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Figure  7,  Effects  of  a  72-hour  water-boil  on  lap  shear  strength 
for  titanium  bonded  with  LARC-STPI  adhesive. 


•  Adhesive  tape  given  an  additional  heat  treatment  of  0. 5  hour  at  3430C. 

Figure  8.  Effect  of  a  72-hour  water-boil  on  the  lap  shear  strength 
for  titanium  bonded  with  STPI-LARC-2  adhesive. 
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Figure  9.  Effect  of  a  72-hour  water-boil  on  the  lap  shear  strength 
for  titanium  bonded  with  LARC-TPI  adhesive. 


the  STPI-LARC-2  adhesive 
system. 

The  LARC-TPI  provided  the 
highest  lap  shear  strengths 
after  water-boil  for  the  RT  and 
177“C  tests,  whereas  LARC-STPI 
retained  the  highest 
strength  at  after 

water-boil,  17.0  MPa  compared 
to  10.1  MPa  for  LARC-TPI  and 
12.7  MPa  for  STPI-LARC-2. 

CONCLUSIONS 

A  thermoplastic  polyimide, 
LARC-TPI,  has  previously  been 


shown  to  be  an  excellent 
adhesive  for  several  applica¬ 
tions.  The  reason  for  the 
thermoplastic  nature  of  this 
polymer  has  been  attributed  to 
the  flexibility  of  the  back¬ 
bone  caused  by  the  use  of  the 
meta-l inked  di amine-3,3 '- 
di ami nobenzophenone . 

In  this  work  the  use  of  a 
combination  of  two  flexibiliz- 
ing  diamines  in  the  polymers, 
LARC-STPI  and  STPI-LARC-2,  has 
resulted  in  copolyimides  with 
adhesive  performances  that  are 
very  similar  to  LARC-TPI.  The 
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experimental  data  on  a  commer¬ 
cially  available  LARC-TPI  and 
on  the  experimental  LARC-STPI 
and  STPI-LARC-2  shows  all  three 
systems  to  possess  exceptional 
lap  shear  strengths  at  room  and 
elevated  temperatures  up  to 
204®C  both  before  and  after 
aging  at  204°C.  The  copolymer, 
LARC-STPI,  does  not  perform  as 
well  as  the  LARC-TPI  for  those 
exposed  up  to  5000  hrs  at 
232°C.  The  poor  thermooxi da¬ 
tive  performance  of  the  LARC- 
STPI  is  possibly  due  to  the 
amine  portions  of  the  copoly¬ 
mer.  The  amines  used  in  this 
portion  should  have  more  of  a 
tendency  to  oxidize  than  the 
benzophenone  system  used  for 
LARC-TPI.  The  LARC-STPI, 
because  of  its  high  Tg,  provid¬ 
ed  high  lap  shear  strengths  up 
to  260°C.  In  general,  the 
LARC-TPI  and  STPI-LARC-2 
adhesive  systems  had  approxi¬ 
mately  the  same  range  of  lap 
shear  strengths,  which  were 
higher  overall  than  the  LARC- 
STPI  system.  The  LARC-STPI 
system  has  a  higher  Tg  than 
LARC-TPI  and  STPI-LARC-2  which 
generally  indicates  a  higher 
potential  use  temperature. 

After  a  72-hour  water-boil 
exposure,  LARC-TPI  bonded 


specimens  exhibited  the 
highest  lap  shear  strengths 
for  room  temperature  and  177°C 
tests,  whereas  the  LARC-STPI 
retained  a  higher  percentage 
of  its  original  strength  when 
tested  at  204°C  after  the 
water-boil  exposure  [68^ 
versus  50%  (STPI-LARC-2),  40% 
(LARC-TPI)  retention]. 

An  attractive  feature  of 
the  LARC-STPI  and  STPI-LARC-2 
is  that  they  were  prepared 
from  relatively  inexpensive, 
commercially  available 
chemicals.  Therefore,  these 
flexible,  thermoplastic 
copoly imides  show  considerable 
potential  as  adhesives  based 
on  this  initial  study. 
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Abstract 

New  polymer  systems  were 
developed  for  the  repair  of 
composites  in  aircraft. 

Candidate  systems  were  required 
to  cure  at  or  below  93°C 
(200°F)  and  provide  service 
comparable  to  state-of-the-art 
epoxies  cured  at  177°C 
(350°F).  Four  chemical 
approaches  were  investigated: 
vinyl  esters,  styrene- terminated 
resins,  cyanates,  and  epoxies. 

The  initial  test  data  indicated 
that  several  vinyl  ester  systems 
could  perform  as  desired  up  to 
approximately  149°C  (300°F) 
without  serious  degradation  under 
wet  conditions.  The  data  on 
styrene- terminated  resins 
revealed  that  additional  process 
research  beyond  the  scope  of  the 
program  would  be  required  in 
order  to  eliminate  a  chemical 
problem  that  inhibited  the  cure 
at  low  temperature.  Cyanate 
systems  were  found  to  be  in  need 
of  a  few  minor  modifications 
directed  at  driving  the  last  five 
to  fifteen  percent  of  the  cure 
reaction  to  completion  at  low 
temperature.  Finally,  several  of 
the  new  epoxy  formulations 


investigated  showed  promise,  but 
additional  test  data  will  be 
needed. 

1 .  INTRODUCTION 

Adhesives  and  laminating  resins 
are  used  throughout  today's 
aircraft  in  bonded  assemblies, 
honeycomb  sandwich  structures, 
and  components  made  of  fiber - 
reinforced  polymers.  These 
structures  pick  up  moisture  from 
the  environment  during  service, 
either  by  absorption  into 
adhesive  and  matrix  materials,  or 
by  acctunulation  through  crevices 
into  areas  such  as  honeycomb 
cells.  The  acquisition  of 
moisture  can  be  accelerated  by 
the  presence  of  cracks,  defects, 
or  service-related  damage. 

The  repair  of  such  moisture¬ 
laden  parts  can  be 
difficult. (1”^)  The  heat  and 
pressure  that  are  required  to 
cure  the  repair  materials  also 
affect  the  moisture  acquired 
during  service.  Water  vapor  is 
generated.  If  the  partial 
pressure  of  the  water  vapor 
exceeds  the  applied  pressure, 
then  bubbles  can  nucleate  in 
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uncured  resins  and  adhesives, 
honeycomb  core  can  blow  apart, 
and  composites  can  delaminate  in 
the  repair  zone.  Hence,  in  order 
to  keep  the  induced  vapor 
pressure  low,  repair  materials 
are  needed  which  can  be  cured  at 
low  temperatures. 

The  present  study  is  part  of  an 
on-going  Air  Force  effort  to 
develop  low  temperature  curing, 
high  performance  laminating 
resins  and  structural 
adhesives . The  long-term 
objective  is  to  effect 
full-strength  repairs  to  typical 
advanced  composite  aircraft 
structures  without  preliminary 
drying  of  the  damaged  components . 
The  short-term  objective, 
however,  is  simply  to  develop  new 
polymeric  repair  materials  which 
are  capable  of  being  cured  at  or 
below  930c  (200OF).  The  new 
materials  must  retain  the 
elevated  temperature  performance 
of  traditional  repair  materials 
cured  at  177°C  (350°F).  The 
primary  concern,  therefore,  is  to 
ensure  that  the  maximum  use 
temperature  of  each  candidate 
system  is  much  higher  than  its 
cure  temperature  (T^uj-g). 

In  the  next  section  of  this 
paper,  the  scientific  principles 
behind  the  selection  of  chemical 
approaches  for  this  program  will 
be  discussed.  Later,  in  Section 

3,  the  development  of  specific 
candidate  systems  will  be 
addressed.  Finally,  in  Section 

4,  the  initial  test  results 
obtained  on  these  systems  will  be 
presented. 

2.  SELECTION  OF  APPROACHES 

One  material  property  that  can  be 
used  to  evaluate  the  service 
temperature  of  a  polymer  is  its 
glass  transition  temperature 
(Tg).  The  relationship  between 
Tp  and  Tq^j.^  for 
thermosetting  polymers  has  been 


explored  extensively  by  Gillham 
and  co-workers.  (6  9)  They  have 
proposed  a  time-temperature- 
transformation  (TTT)  state 
diagram  to  represent  the 
isothermal  cure  of  such 
materials.  They  have  also 
confirmed  that  a  thermosetting 
system  attains  its  optimum 
mechanical  properties  and  highest 
Tg  when  it  is  in  a  fully  cured, 
highly  crosslinked,  glassy 
state.  This  condition,  however, 
is  difficult  to  achieve  with  a 
low  temperature  cure.  Usually 
the  system  chemistry  is  such  that 
the  molecular  excitation 
generated  at  low  temperature  is 
not  enough  to  drive  the  cure 
reaction  to  the  required  state. 

The  easiest  way,  it  would  seem, 
to  induce  Tg  >>  T^^^-g  in  a 
system  for  which  Tg^^g  <  93°C 
(200°F)  is  to  design  the 
polymer  chemistry  such  that  the 
likelihood  of  each  reactive 
species  to  crosslink  is  unusually 
high.  The  surest  technique, 
therefore,  is  to  provide  a  large 
number  of  potential  reaction 
sites  by  using  materials  with 
highly  functional  backbone 
structures.  Another  strategy  is 
to  use  coreactant  and  catalyst 
molecules  which  are  small  so  that 
they  can  undergo  a  great  deal  of 
molecular  motion  and  can  diffuse 
through  a  vitrified  system. 

Another  option  is  the  use  of 
systems  which  contain  a  large 
cimount  of  stored  internal  energy 
in  their  chemical  bonds.  Such 
systems  react  to  generate  heat 
faster  than  the  heat  can  be 
dissipated.  Hence,  the 
externally  applied  temperature 
can  be  low,  while  the  local  cure 
temperature  is  elevated.  A 
possible  risk  to  this  approach  is 
that  the  moisture  problems 
prevalent  in  high  temperature 
repair  may  recur  locally. 

Another  disadvantage  is  that 
systems  with  a  great  deal  of 
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energy  stored  in  chemical  bonds, 
such  as  peroxide-cured  polymers, 
tend  to  be  unstable  in  storage. 

Finally,  the  effect  of  absorbed 
moisture  on  the  Tg  of  a  polymer 
must  be  considered.  As 
illustrated  in  Figure  1,  the 
hydrophobic  backbone  of  the 
hydrocarbon  epoxy  novlac  (HEN) 
reduces  the  amount  of  water 
absorbed  by  the  polymer  as 
compared  to  a  conventional  epoxy 
novo lac  system  like  D.E.N.^ 

438*.  Nevertheless,  the  absorbed 
moisture  plasticizes  the  cured 
polymers  and  lowers  its 
Tg.  The  primary  goal  of  this 
program  is  to  obtain  Tg  >> 

Tcure»  important  not 

to  sacrifice  this  goal  under  wet 
conditions.  A  final  chemistry 
principle  for  this  program, 
therefore,  is  to  seek  materials 
with  inherently  low  moisture 
uptake  in  both  the  cured  and 
uncured  states .  Hydrophobic 
chemical  groups  such  as 
hydrocarbons,  aromatics,  and 
halogens  are  beneficial  to  this 
cause.  Hydrophilic  chemical 
units,  such  as  oxygen,  sulfur, 
and  nitrogen,  need  to  be  avoided 
or  placed  in  molecules  at 
locations  where  access  is 
hindered  by  steric  interference. 

On  the  basis  of  the  principles 
described  in  this  section,  four 
general  chemical  approaches  were 
selected  for  development.  They 
include  vinyl  ester  resins, 
styrene- terminated  resins, 
cyanates,  and  epoxies. 

3.  MATERIALS  EVALUATED 

Candidate  systems  within  each 
chemical  family  were  formulated, 
cured,  and  tested.  The  purpose 
of  these  tests  was  to  identify 
promising  candidates  for  further 
development  and  testing  later . in 
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the  program.  These  materials 
will  be  subjected  to  a  more 
extensive  test  program  that  will 
include  evaluation  in  bulk  form, 
in  graphite/resin  composite 
patches,  and  in  adhesive  joints. 

3.1  Vinyl  Ester 

The  general  structure  of  a  vinyl 
ester  is  shown  in  Figure  2a. 

Vinyl  ester  resins  are  produced 
by  the  reaction  of  an  epoxy  resin 
with  an  acrylic  or  methacrylic 
acid.  The  methacrylate  system  is 
preferred  for  most  applications 
because  it  is  much  more  resistant 
to  hydrolysis  and  environmental 
aging.  Vinyl  ester  resins  are 
generally  copolymerized  with  an 
unsaturated  molecule  such  as 
styrene,  vinyltoluene,  or 
divinylbenzene.  The  coreactant 
lowers  the  viscosity  of  the 
system  and  imparts 
processability.  The  cure 
mechanism  is  free  radical 
polymerization,  where  free 
radicals  are  most  often  generated 
by  the  catalyzed  decomposition  of 
an  organic  peroxide  with  a 
metallic  or  amine  promoter.  The 
processing  parameters  may  be 
altered  by  changing  the  nature  of 
the  base  resin  or  the 
catalyst/ initiator  package. 

Seventeen  vinyl  ester  systems 
were  formulated  and  tested.  Base 
resins  derived  from  epoxy 
novolacs  were  tried  because  it 
was  believed  their  high 
functionality  would  promote 
crosslinking  and  thereby  increase 
Tg.  A  novolac  containing 
hydrocarbon  in  the  backbone  was 
introduced  in  an  effort  to  reduce 
moisture  uptake.  Although 
systems  based  on  bisphenol  A 
epoxy  resins  were  unlikely  to 
offer  the  high  Tg  of  the 
novolacs,  they  were  also  tried 
because  they  were  likely  to  offer 
improved  toughness.  Other 
variations  in  the  vinyl  ester 
formulations  included  diluent 
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concentration  and  functionality 
(styrene  and  divinylbenzene  were 
used  to  alter  viscosity  and 
crosslink  density)  and  the 
incorporation  of  rubber  into 
certain  systems  (vinyl-  and 
carboxy-terminated  butadiene 
acrylonitrile  rubbers  were  used 
to  improve  toughness). 

3.2  Styrene-Terminated  Resins 

The  general  structure  of  a 
styrene-terminated  resin  is  shown 
in  Figure  2b.  These  resins  are 
produced  by  the  reaction  of  a 
phenolic  with  a 
styrene -terminated  alkylating 
agent  in  the  presence  of  a  base. 
They  were  patented  by  The  Dow 
Chemical  Company  in  1978.(1®) 
Their  chemistry  is  similar  to  the 
vinyl  esters  in  that 
polymerization  proceeds  through 
terminal  vinyl  unsaturation 
reacting  via  a  free  radical 
mechanism.  Styrene- terminated 
resins,  like  vinyl  esters,  are 
highly  viscous  and  must  be 
copolymerized  with  unsaturated 
diluents  for  processability. 

There  are,  however,  significant 
differences  in  behavior.  The 
styrene-terminated  resin 
molecules  are  less  polar  because 
of  their  lower  oxygen  content  and 
therefore  absorb  less  water. 

They  also  have  a  higher 
percentage  of  aromatic  residue 
per  reactive  equivalent,  so  they 
are  capable  of  producing  higher 
Tg's.  Because  these  systems 
are  normally  cured  above  93°C 
(200°F),  the  main  challenge  for 
this  program  was  to  find  a 
suitable  catalyst  or  other  means 
for  driving  the  cure  reaction  to 
completion  at  temperatures  below 
930c  (200OF). 

On  the  basis  of  the  same 
rationale  that  was  used  to  select 
the  polymer  backbones  for  vinyl 
ester  systems,  various  base 
resins  were  selected  for  the 
production  of  a  series  of 


styrene- terminated  resins.  A 
phenol-formaldehyde  novolac,  a 
novolac  containing  a  hydrocarbon 
segment,  and  a  bisphenol  A  epoxy 
were  used.  These  materials  were 
diluted  with  styrene  or 
methylmethacrylate.  A  total  of 
four  formulations  were  tested. 

3.3  Cyanate 

The  general  structure  of  a 
cyanate  resin  is  shown  in  Figure 
2c.  Polycyanates  were  first 
S3nithesized  in  1963  by  Grigat  and 
Putter. (1^)  The  chemistry  of 
the  cyanate  group  is  quite 
complex  because  of  the  wide 
variety  of  reactions  that  can 
occur  with  molecules  containing  a 
nucleophilic  functional  group. 

It  is  believed,  however,  that  the 
polymerization  of  the  cyanate,  at 
least  initially,  is  the  result  of 
a  trimerization  reaction  which 
produces  a  triazine  ring.  The 
polymerization  reaction  is  very 
exothermic  and  can  release  its 
energy  very  quickly  when  it  is 
properly  catalyzed.  The 
temperatures  produced  can  be  high 
enough  to  cause  decomposition  in 
most  polymers,  but  the  polymers 
formed  from  cyanate  resins  have 
high  intrinsic  stability  and  do 
not  normally  decompose  below 
300OC  (5720F). 

Polycyanates  have  been  of 
interest  for  years  as  potential 
systems  for  177°C  (350°F) 
service  applications . 
Unfortunately,  many  of  the  early 
polycyanate  resins  were 
susceptible  to  long-term 
degradation  by  moisture. 

Recently,  a  unique  system  was 
developed  which  maintains 
excellent  thermal  and  mechanical 
properties  even  after  prolonged 
exposure  to  moisture.  2)  This 
polycyanate  is  produced  from  a 
cycloaliphatic/aromatic  hybrid 
backbone  which  is  highly 
hydrophobic.  The  material  is 
normally  thinned  with  a  reactive 
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diluent  and  processed  with  a 
transition  metal  catalyst  at  177 
to  240OC  (350  to  4640F).  The 
final  properties,  however,  are  so 
attractive  that  the  material  was 
selected  for  development  in  this 
program.  The  research  effort 
focused  on  the  identification  of 
a  catalyst  system  for  low 
temperature  cure.  Two  transition 
metal  ion  catalysts  were 
evaluated:  Fe(lll)  and  Zn(ll). 

In  both  cases,  the  resin  was 
diluted  with  twenty  percent 
vinyltoluene  by  weight. 

3.4  Epoxy 

The  general  structure  of  an  epoxy 
resin  is  shown  in  Figure  2d. 

Epoxy  systems  represent  one  of 
the  best  known  and  most 
thoroughly  studied  families  of 
thermosets.  Most  of  the  work  to 
date  on  material  development  for 
composite  repair  has  involved 
epoxies  and  epoxy 

prepregs. No  available 

system,  however,  was  found  which 
met  all  the  requirements  of  this 
program,  particularly  the  ability 
to  provide  Tg  »  T^ure* 

Of  the  systems  discussed  in 
previous  studies,  the  most 
promising  were  epoxy  novolac 
formulations  cured  with  either 
aliphatic  or  cycloaliphatic 
amines.  The  blends  selected  for 
this  study  were  all  mixtures  of  a 
bisphenol  A-derived  epoxy  and 
novo lac -derived  epoxies  of 
varying  functionality,  with  low 
viscosity  reactive  amine 
hardeners . 

4.  TEST  RESULTS  AND  DISCUSSION 

A  set  of  initial  screening  tests 
were  performed  on  the  candidate 
formulations  in  order  to 
determine  the  most  promising 
systems  for  further  development 
and  testing.  Mechanical 
properties  measured  on  cured 
samples  of  the  candidate 


formulations  included  ultimate 
tensile  strength,  tensile 
modulus,  and  elongation  at 
failure,  as  well  as  ultimate 
flexural  strength  and  flexural 
modulus.  Physical  properties 
evaluated  included  the  heat 
distortion  temperature  (HDT)  and 
the  weight  percent  water  absorbed 
at  weight  gain  equilibrium. 
Differential  scanning  calorimetry 
CDSC)  was  also  used  as  a  means  to 
characterize  the  cure  process 
thermally.  From  the  DSC  data, 
heat  of  reaction,  degree  of  cure, 
and  glass  transition  temperature 
were  quantified  when  necessary. 
For  the  epoxy  systems  only,  the 
full  set  of  initial  tests  were 
not  completed  in  time  for 
inclusion  in  this  paper,  and  only 
the  DSC  data  were  available  for 
review. 

4.1  Vinyl  Ester 

The  seventeen  vinyl  ester  systems 
formulated  and  their  associated 
properties  are  shown  in  Table  1. 
System  chemistries  were 
identified  by  the  components  of 
the  resin  base  and  the  diluents 
and  additives  used.  The 
properties  listed  were  measured 
on  specimens  that  had  been  cured 
for  two  hours  at  80°C 
(176°F).  The  mechanical 
properties  were  all  measured  at 
ambient  conditions. 

The  mechanical  property  values 
were  generally  in  the  same  range 
as  comparable  values  for 
state-of-the-art  epoxies  cured  at 
1770c  (350OF).  HDT  values 
suggested  that  satisfactory 
performance  at  121  to  1490C 
(250  to  300OF)  could  be 
achieved  by  many  of  these 
systems,  but  that  performance  at 
1770c  (350OF)  would  be 
questionable.  In  addition,  the 
low  water  absorption  values 
relative  to  the  five  to  six 
percent  typical  of  baseline 
epoxies  indicated  that 
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performance  should  hold  up  well 
under  wet  conditions. 

Several  patterns  were  observed  in 
the  data.  The  presence  of 
Tactix^  742*  or  epoxy  phenolic 
novolac  in  relation  to  other 
resin  base  components  tended  to 
increase  the  HDT;  unfortunately, 
these  materials  also  raised  the 
water  absorption  level.  Systems 
derived  from  epoxy  phenolic 
novolac  and  hydrocarbon  epoxy 
novolac  were  less  sensitive  to 
diluents  than  systems  derived 
from  bisphenol  A  epoxy  and 
hydrocarbon  epoxy  novolac.  The 
latter  group,  however,  when 
diluted  with  styrene  or  styrene 
and  divinylbenzene  in  a  9-to-l 
ratio,  provided  the  best 
mechanical  properties  of  all  the 
vinyl  esters  studied. 

Patterns  were  also  noted  with 
regard  to  the  diluents  and 
additives.  Divinylbenzene,  in 
particular,  showed  strong, 
consistent  effects.  Its  presence 
caused  an  increase  in  the  HDT  of 
systems  but  hurt  their  tensile 
properties,  lowering  both  the 
ultimate  strength  and  elongation 
at  failure.  These  effects  were 
moderated  by  rubber  additives. 

In  fact,  for  all  systems 
investigated  with  rubber 
additives,  a  marked  improvement 
in  the  elongation  at  failure  was 
apparent.  This  improvement, 
however,  came  at  the  expense  of  a 
reduction  in  the  HDT. 
Vinyl-terminated  butadiene 
acrylonitrile  (VTBN)  rubbers,  it 
should  be  noted,  underwent  phase 
separation  from  the  vinyl  esters, 
while  carboxy-terminated 
butadiene  acrylonitrile  (CTBN) 
rubbers  did  not.  Therefore, 
although  the  data  at  room 
temperature  for  VTBN-modif ied 
systems  were  acceptable,  in  order 
to  ensure  satisfactory 
performance  at  elevated 
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temperatures,  only  CTBN  rubbers 
should  be  considered  as  suitable 
toughening  agents  for  vinyl 
esters . 

4.2  Styrene-Terminated  Resins 

Although  these  materials  were 
expected  to  process  similarly  to 
the  vinyl  esters  because  of  their 
vinyl  unsaturation,  a  problem  was 
encountered  in  obtaining  a 
complete  cure  below  93°C 
(200°F).  The  problem  was  a 
consequence  of  the  starting 
materials  and  process  chemistry. 
Styrene-terminated  resins,  as 
discussed  earlier,  are  produced 
by  capping  phenol ics.  The 
failure  to  cap  even  0.5  percent 
of  a  phenolic  starting  material 
leaves  behind  5,000  ppm  of  a  free 
radical  phenolic  inhibitor.  This 
level  of  residual  phenolic  is 
higher  than  the  level  in  many 
commercial  inhibitor  packages. 

In  order  to  produce  a  material 
that  is  not  self-quenching  in 
free  radical  polymerization,  it 
is  critical  to 'obtain  nearly  100 
percent  conversion  of  the 
phenolic  to  a  styrene-terminated 
resin.  Future  attempts  to  pursue 
this  chemistry  will  necessarily 
involve  process  research  to 
develop  a  more  efficient 
conversion  method  for 
styrene- terminated  resin 
production. 

In  order  to  prepare  specimens 
sufficiently  well-cured  to 
evaluate  properties,  it  was 
necessary  to  add  a  post-cure  step 
above  93°C  (200°F),  a 
procedure  contrary  to  the 
objectives  of  this  program.  All 
systems  were  cured  overnight  at 
room  temperature,  followed  by  two 
hours  at  80°C  (176°F)  and  a 
post-cure  at  155°C  (311°F) 
for  two  hours.  The  formulations 
and  their  properties  are 
summarized  in  Table  2. 
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The  mechanical  properties  at 
ambient  conditions  were 
acceptable  but  not  outstanding. 
HDT's  were  particularly 
disappointing  considering  the 
155°C  (311°F)  post-cure.  The 
only  exceptional  property  was  the 
extremely  low  water  absorption  of 
the  novolac-based  systems.  This 
characteristic  could  be  exploited 
in  an  application  where  low 
temperature  cure  is  not 
essential.  For  the  composite 
repair  application,  however, 
additional  process  research  to 
develop  a  successful  low 
temperature  curing  resin  will  be 
required. 

4.3  Cyanate 

Cyanate  systems  were  cured  with 
Fe(lll)  and  Zn(ll)  catalysts  at 
80°C  (176°F)  for  four  hours. 

DSC  analysis  of  the  residual 
exotherm  in  these  systems 
revealed  conversion  efficiencies 
of  85  to  95  percent.  This  degree 
of  cure  achieved  at  low 
temperature  is  noteworthy  because 
the  normal  cure  cycle  for  this 
cyanate  resin  is  two  hours  at 
1770c  (350OF)  followed  by  a 
post- cure  for  four  hours  at  more 
than  2000c  (3920F).  The 
mechanical  and  physical 
properties  measured  for  these 
systems  are  shown  in  Table  3. 

Also  included  are  data  for 
systems  which  had  been  post -cured 
for  two  hours  at  1770C 
(350OF). 

The  test  data  confirmed  that  a 
partial  cure  had  been  achieved  at 
8OOC  (1760F).  Of  the  two 
catalysts,  Fe(lll)  provided 
better  final  properties. 
Additional  work  on  this  system 
indicated  that  the  last  15%  of 
cure  is  unlikely  at  temperatures 
below  930c  (200OF). 

Unfortunately,  a  substantial 
amount  of  a  polymer's  ultimate 
Tg  is  generated  in  the  last 
10-20%  of  cure.  Therefore,  the 


use  of  cyanates  in  composite 
repair  limited  to  low  temperature 
cures  seems  improbable  at  this 
time. 

4.4  Epoxy 

Combinations  of  various  epoxy 
resin  blends  and  hardeners  were 
cured  at  80°C  (176°F)  for 
four  hours.  The  resin  blends 
were  a  bisphenol  A-derived  epoxy 
and  four  mixtures  of  a  bisphenol 
A-derived  epoxy  and 
novo lac -derived  epoxies  of 
varying  functionality.  The 
mixtures  were  labelled  Blends  1 
through  4.  The  hardening  agents 
were  three  commercially 
available,  low  viscosity  amines 
(Ancamine  1856*,  Sylvamine  21**, 
and  Amicure  PACM-20***)  and  one 
proprietary  aliphatic  amine 
recently  developed  by  The  Dow 
Chemical  Company  and  referred  to 
as  Ml.  The  dry  Tg  of  each 
system  was  measured  by  DSC.  The 
data  are  presented  in  Table  4. 

The  Tg ' s  of  the  systems 
hardened  with  Ancamine  1856  and 
Sylvamine  21  were  not 
substantially  different  from 
Tcure*  results  with 

Amicure  PACM-20  hardener  showed 
more  promise.  In  particular. 
Blends  1  and  3  provided  Tg's  of 
1370c  (2790F)  and  I630C 
(325°F),  respectively. 

Finally,  systems  using  the 
non-commercial  hardener  Ml  gave 
the  best  results  of  all.  Resin 
Blends  2,  3,  and  4  had 
Tg's  near  1650C  (3290F). 

These  data  were  encouraging  in 
that  they  demonstrated  that  Tg 
»  Tq^;^^  could  be  obtained  with 
certain  epoxy  systems.  They  did 
not  indicate  what  to  expect  from 
the  systems  in  composite  form  or 


*a  product  of  Pacific  Anchor 
Chem.  Corp. 

**a  project  of  Sylvachem  Corp. 
***a  product  of  Air  Products 
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after  water  absorption. 
Nevertheless,  appropriate 
modifications  could  make  these 
materials  useful  for  low 
temperature  repair  of  composites. 

5.  CONCLUSIONS 

New  polymer  systems  are  under 
development  for  the  repair  of 
composite  structures  in  aicraft. 
Candidate  systems  are  required  to 
be  cured  at  or  below  93°C 
(200°F)  but  to  provide  service 
properties  comparable  with 
state-of-the-art  epoxies  cured  at 
177°C  (350°F).  Four  chemical 
approaches  were  selected  for 
investigation:  vinyl  esters, 
styrene-terminated  resins, 
cyanates,  and  epoxies.  Initial 
formulations  for  each  approach 
have  been  prepared  and  tested. 

In  their  current  state  of 
development,  vinyl  ester  systems 
most  closely  fulfill  the  program 
objectives.  The  tensile  and 
flexural  properties  measured  at 
ambient  conditions  on  specimens 
cured  at  SO^C  (1760F)  were  in 
the  same  range  as  properties  for 
state-of-the-art  epoxies  cured  at 
1770c  (350OF).  The  heat 
distortion  and  water  absorption 
characteristics  of  numerous 
formulations  indicated  that 
satisfactory  performance  will  be 
obtained  at  121  to  lAQOC  (250 
to  300°F)  and  will  be 
maintained  under  wet  conditions. 
The  data  also  showed  that  CTBN 
rubber  was  a  good  toughening 
agent,  despite  a  small  sacrifice 
in  elevated  temperature 
performance  capability. 

Styrene- terminated  resin  systems 
in  their  current  state  of 
development  are  not  good 
candidate  materials.  The  cure  at 
low  temperature  is  inhibited  by 
residual  uncapped  phenolic. 
Additional  process  research  is 
needed  to  develop  a  more 
efficient  conversion  method  for 


the  production  of 
styrene- terminated  resins  from 
phenolic  starting  materials.  If 
this  chemical  problem  can  be 
solved,  styrene- terminated  resin 
systems  should  offer  exceptional 
resistance  to  degradation  by 
moisture. 

Cyanate  systems  in  their  present 
form  do  not  meet  the  requirements 
of  this  program  for  composite 
repair  but  do  appear  likely  to 
succeed  with  further 
modifications  to  the  catalyst  and 
cure  schedule.  These  systems 
have  demonstrated  an  85%  cure  at 
low  temperatures,  which  is 
sufficient  to  produce  green 
strength  in  the  part.  Additional 
curing  of  the  part  at 
temperatures  of  approximately 
177°C  (350°F)  will  be  needed 
to  obtain  fully  cured  parts. 

Finally,  new  epoxy  systems  may 
also  offer  potential.  Several 
systems  were  formulated  which 
produced  Tg's  approximately 
SQOC  higher  than  T^ure* 

These  formulations  are  currently 
being  optimized.  Mechanical 
properties  and  water  absorption 
characteristics  are  being 
evaluated. 

Ten  candidate  systems  from  the 
various  chemical  families  will  be 
selected  for  further  development 
on  the  basis  of  the  initial  test 
data.  These  systems,  in  bulk 
form,  in  graphite/resin  composite 
patches,  and  in  adhesive  joints, 
will  be  subjected  to  extensive 
physical  and  mechanical  testing. 
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TABLE  1 .  CXJMPARISON  OT  VINYL  ESTER  fORHUUTIONS 


roRmiuTiON 

TENSIU 

PROPERTIES 

FLEXURAL 

PROPERTIES 

RESIN  BASE 

STRENGTH 

HODULUS 

ELONG. 

STRENGTH 

MODULUS 

rnn: 

WATER  ABSORPTION 

COMPONENTS 

DILUENTS 

RUBBER 

HPa(KSl) 

CPa(KSI) 

Z 

MPa(KSI) 

CPaCESI) 

“C('’F) 

z 

1.  TACTIX**  7*2 

2.  DERAKANe”  *70 
(3.6  functional) 

S 

65.5(9.50) 

3.45(500) 

2.3 

113(16.4) 

3.72(5*0) 

158(316) 

1.80 

S 

77.2(11.2) 

3.45(500) 

2.8 

143(20.7) 

3.72(540) 

150(320) 

1.48 

3.  HEN,  bla-A 

S 

77.9(11.3) 

3.53(512) 

2.9 

121(17.6) 

3.52(510) 

139(2B3) 

1.15 

*.  HEN.  bis-A 

s 

CTBN 

84.1(12.2) 

3.05(442) 

4.7 

160(23.2) 

3.51(509) 

123(253) 

1 .16 

5.  HEN,  bis-A 

S/D 

(«il) 

•• 

62.3(9.03) 

3. 19(463) 

2.3 

139(20.1) 

3.68(536) 

A45(295i) 

5.  .22 

6.  HEN,  bla-A 

S/D 

(9il) 

CTBN 

77.9(11.3) 

3.12(652) 

4.1 

130(18.8) 

3.52(510) 

116(241) 

1.21 

7.  HEN,  bla-A 
(variation) 

S/D 

(9il) 

CTBN 

85.5(12.4) 

3.03(439) 

4.5 

145(21.2) 

3.66(502) 

129(254) 

1 . 14 

8.  HEN,  bls-A 

S/D 

(9:1) 

VTBN 

69.6(10.1) 

2.78(403) 

4.7 

127(18.4) 

3.17(450) 

139(262) 

1.22 

9.  HEN,  bla-A 
(variation) 

S/D 

(9:1) 

VTBN 

59.3(8.60) 

2.35(341) 

5.2 

101(14.6) 

2.69(390) 

136(277) 

1.36 

10.  HEN,  bia-A 

S/D 

(*:1) 

60.0(0.70) 

3.2G<A75) 

2.2 

119(17.2) 

3.79(550) 

151(304) 

1.23 

11.  HEN,  bla-A 

D 

36.4(5.28) 

3.59(520) 

1.1 

66.4(9.36) 

3.72(540) 

177(351) 

1.32 

12.  HEN,  EPN 

S 

.. 

68.4(9.92) 

3.56(516) 

2.4 

123(17.8) 

3.72(540) 

153(307) 

1.29 

13.  HEN,  EPN 

S/D 

(9:1) 

69.6(10.1) 

3.50(507) 

2.5 

139(20.1) 

3.78(548) 

158(316) 

1.50 

1*.  HEN,  EPN 

S/D 

(4:1) 

62.4(9.05) 

3.49(506) 

2.1 

129(18.7) 

3.99(578) 

161(322) 

1.35 

15.  EPN,  bia-A 

S 

CTBN 

80.0(11.6) 

3.09(448) 

4.8 

141(20.5) 

3.47(504) 

113(235) 

1.47 

16.  HEN. EPN, 
bis-A 

S/D 

(9:1) 

CTBN 

79.3(11.5) 

3.01(437) 

3.9 

136(19.7) 

3.44(499) 

125(257) 

1.30 

17.  EPN 

S/D 

(4:1) 

*• 

73.1(10.6) 

3.43(497) 

2.7 

122(17.7) 

3.85(560) 

162(323) 

1.74 

KEY:  R  •  tradcnark  of  tha  Dow  Chanlcil  Co.  HEN  •  hydrocarbon  apoay  novolac  S  «■  atyron® 

IIDT  •  hrat  diatortlon  taaparatura  EPN  •  opoxy  phenolic  novolac  D  ”  dlvlnyl  bonxen® 

bla-A  ■  blsphenol-A  epoxy 

CTBN  •  carboxy-tcralnatad  butadiene  acrylonitrile 
VTBN  •  vinyl ■ teralnatad  butadiene  acrylonitrile 


Tg 

200 

150 

100 

50 


1960c 


Dry 


150°C 


Wet 

(3.0%) 

Moisture 


200OC 


Dry 


173°C 


Wet 
{  1.3%  ) 

Moisture 


DEt^fi^  438 /MD A  3.2  HEN/MDA 

DEN®  438  is  a  Trademark  of  the  Dow  Chemical  Co. 


Figure  1.  Effects  of  Backbone  Structure  on  Moisture  Absorption 
and  Glass  Transition  Temperatures 
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0- R  - 

^  I . 

b.  Sty rfjne-Terminated  Resin 


Figure  2.  Chemical  Approaches  Selected 
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TABLE  2.  PROPERTIES  OF  STYRENE -TERMINATED  RESIN  SYSTEMS 


3.6F  Novolac  Hydrocarbon 

3.6F  Novolac  25%  wt  Parabisphenol  A  Novolac  Trisphenol 

30%  wt  Styrene  25%  wt  Methylmethacrylate  30%  Wt  Styrene  30%  wt  Styrene 

TENSILE 


Strength-MPa  (ksi) 
Modulus-GPa  (ksi) 
Elongation  (%) 

58.6  (8.5) 

3.53  (512) 

2.0 

35.2  (5.1) 

3.81  (552) 

1.0 

51.0  (7.4) 
3.25  (471) 

1.9 

39.3  (5.7) 
2.99  (434) 
1.5 

FLEXURAL 

Strength-MPa  (ksi) 
Modulus-GPa  (ksi) 

110.3  (16.0) 

4.38  (635) 

72.4  (10.5) 

3.87  (561) 

94.5  (13.7) 
3.41  (495) 

68.3  (9.9) 
3.12  (452) 

HOT  -  °C  (°F) 

140  (284) 

133  (271) 

131  (267) 

130  (266) 

H2O  ABSORPTION  (%) 

0.46 

0.92 

0.39 

2.44 

TABLE  3.  PROPERTIES  OF  POLYCYANATE  SYSTEMS 

Fe(lll) 

Fe(III) 

Zn(II) 

Zn(ll) 

Catalyst 

2500  ppm 

2500  ppm 

2500  ppm 

2500  ppm 

Cure  Cycle 

4  hr/80°C 

4  hr/80°C 

2  hr/177°C 

4  hr/80‘'C 

4  hr/  80°  C 

2  hr/177°C 

TENSILE 

Strength-MPa  (ksi) 
Modulus-GPa  (ksi) 
Elongation  (%) 

37.9  (5.49) 
1.99  (288) 

1.5 

48.6  (7.05) 
3.28  (476) 

0.8 

42.3  (6.14) 
1.95  (283) 
1.87 

61.6  (8.94) 
3.56  (516) 
1.03 

FLEXURAL 

Strength-MPa  (ksi) 
Modulus-GPa  (ksi) 

64.9  (9.41) 
1.83  (265) 

99.3  (14.4) 
3.18  (461) 

65.2  (9.46) 
1.91  (277) 

144  (20.9) 
3.19  (463) 

HDT  -  °C  (  °F) 

61.1  (142) 

156  (313) 

60.0  (140) 

154  (309) 

H2O  ABSORPTION  (%) 

3.18 

1.76 

>9* 

2.12 

Tg,  dry  -  °C  (°F) 

85.7  (186) 

211  (412) 

82.1  (180) 

217  (423) 

*some  decomposition  of  sample 

TABLE  4.  GLASS  TRANSITION  TEMPERATURES  OF  EPOXY  SYSTEMS 


HARDENER 

Bis  A 

Blend  1* 

RESIN 

Blend  2* 

Blend  3* 

Blend  4* 

Ml** 

117  (243) 

113  (235) 

164  (327) 

168  (334) 

163  (325) 

PACM-20 

108  (226) 

137  (279) 

125  (257) 

163  (325) 

141  (286) 

Sylvamine  21 

79  (174) 

-  — 

81  (178) 

75  (167) 

— 

Ancamine  1856 

76  (169) 

... 

89  (192) 

100  (212) 

— 

NOTES:  Tg  reported  in  °C  (°F)  in  parentheses 
Tcure  “  (176°F)  for  all  samples 

*Blends  1  through  4  are  all  mixtures  of  bis  A  -  derived  epoxies 
and  epoxy  novolac  resins  of  varying  functionality 
**M1  is  an  aliphatic  amine 
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Challenges  of  Adhesive 
Formulation:  Development 
of  a  Room  Temperature 
Storage,  Room  Temperature 
Curing  Paste  Adhesive 


BACKGROUND 

The  first  epoxy-based 
adhesives  were  developed 
in  the  1940' s.  These 
adhesives  gained  quick 
acceptance  during  the 
1950 's  for  several 
reasons:  ease  of 
application,  high 
mechanical  strength,  the 
ability  to  bond  mismatched 
parts  and  dissimilar 
substrates.  For 
structural  bonding 
applications  adhesives 
have  the  ability  to  spread 
the  load  over  the  entire 
bond  area  as  opposed  to 
mechanical  fasteners  which 
concentrate  the  load  at 
the  fasteners. 

Adhesives  are  being  widely 
used  in  the  aerospace 
industry  for  bonding, 
repair,  potting,  fairing 
and  liquid  shim 
applications.  As  the  use 
of  adhesives  increased, 
the  understanding  of 
adhesive  requirements 
became  better  understood. 
Adhesives  are  developed  to 
accomodate  the  stresses 
seen  by  the  bonded  part. 
The  four  major  types  of 
stresses  include  tensile, 
shear,  peel  and  cleavage. 
Mechanical  property  tests 
such  as  flatwise,  lap 
shear,  T-peel,  bell  peel, 
and  wedge  crack  have  been 
developed  to  evaluate  an 
adhesive's  performance 
under  those  four  types  of 


stress.  Other  factors 
have  become  critical  such 
as  environmental 
conditioning  and  long  term 
exposures  to  stress  or 
heat. 

With  aerospace  technology 
advancing  there  exists  a 
need  for  higher 
performance  adhesives  and 
raw  materials.  Adhesive 
formulation  has  become 
better  understood.  It  is 
now  possible  to  tailor 
adhesives  to  the  required 
properties.  By 
understanding  the  function 
of  each  adhesive 
component,  it  becomes 
possible  to  develop 
adhesives  for  specific 
applications. 

One  adhesive 'used 
extensively  in  the 
aerospace  industry  is 
Hysol  EA  934.  This  epoxy- 
based  adhesive  has  good 
tensile  lap  shear 
properties  from  -67®F  to 
350 °F  with  a  room 
temperature  cure. 

The  major  disadvantage  of 
EA  934  is  that  it  contains 
asbestos.  Due  to  the 
increasing  concerns  about 
asbestos ,  a  development 
program  was  initiated  to 
formulate  a  non-asbestos 
adhesive  with  improved 
properties  over  EA  934  (EA 
934NA  is  available  as  a 
non-asbestos  replacement 
with  similar  properties  to 
EA  934).  EA  934  is 
brittle  and  has  a  limited 
shelf  life  at  temperatures 
above  40®F. 

The  goals  for  the  new 
adhesive  included 
increased  toughness  over 


EA  934  with  improved 
storage  stability, 
mechanical  properties, 
handling  properties  and 
room  temperature 
curability. 


ADHESIVE  FORMULATING 

The  first  step  in  the 
formulation  of  a  new 
product  is  to  define  the 
necessary  adhesive 
properties.  These  can 
include  processing 
requirements,  mechanical 
properties,  shelf 
stability  and  toxicity. 
This  list  can  be  divided 
into  two  categories: 
primary  and  secondary 
goals.  The  primary  goals 
are  properties  that  the 
adhesive  must  have.  These 
are  defined  by  the 
customer's  design 
requirements .  The 
secondary  goals  are 
desired  features,  such  as 
handling  and  processing 
properties.  These 
properties  are  usually 
defined  by  the  customer,  a 
specification,  or  a 
specific  application  area. 
Secondary  goals  can  be  as 
important  to  the  customer 
as  primary  goals,  but  if 
the  primary  goals  are  not 
met  the  adhesive  will  not 
be  used  for  that 
application. 

The  next  step  is  to 
develop  a  formulation  to 
meet  the  required 
properties.  This  can  be 
done  either  with  new  or 
existing  raw  materials. 

The  basic  components  of  a 
paste  adhesive  formulation 
are:  resins,  fillers, 
additives,  modifiers,  and 
curing  agents.  With  the 


goals  in  mind,  these 
components  can  be  chosen 
to  give  the  optimum 
properties. 

A  brief  description  of 
each  basic  component  is 
given  below.  These  topics 
are  covered  in  more  detail 
in  Handbook  of  Epoxy 
Resins  by  Lee  and  Neville. 


RESINS 

Resins  are  the  foundation 
of  a  formulation.  The 
final  properties  of  the 
product  rely  heavily  on 
the  properties  of  the 
resins  selected.  Shelf 
stability  is  a  good 
example  of  this.  It  is 
primarily  determined  by 
the  base  resins.  If  the 
base  resins  are  not  room 
temperature  stable,  then 
the  formulated  product  is 
likely  to  be  as  unstable 
as  its  individual 
components  unless 
chemically  modified  or 
stabilized  by  an  additive. 

The  resins  used  also  have 
a  large  effect  on  the 
viscosity,  reactivity, 
cross-link  density  and 
thermal  stability 
properties  as  well  as 
other  bulk  and  adhesive 
properties.  The  most 
commonly  used  resins  are 
based  on  bisphenol  A.  New 
resins  in  the  marketplace 
offer  improved  performance 
over  the  bisphenol  A  type 
resins.  Improvements  in 
adhesive  properties  along 
with  thermal  and 
environmental  stability 
have  been  achieved  using 
new  resins  which  have 
become  available. 
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FILLERS 

There  are  many  typ^s  of 
fillers.  Aluminum, 
silica,  talc, 
microballoons , and 
conductive  fillers  are  a 
few  of  the  available 
types.  The  filler 
selected  can  affect  the 
pot life,  peak  exotherm 
temperature,  shrinkage, 
density,  electrical 
and  mechanical  properties 
of  the  adhesive.  Large 
variations  in  compressive 
strength  are  possible 
based  on  the  filler  type. 
Fillers  are  also  used  to 
increase  the  thixotropy  of 
a  system  for  applications 
where  sag  resistance  is 
needed. 


ADDITIVES  AND  MODIFIERS 

Additives  and  modifiers 
are  used  for  a  variety  of 
reasons .  Two  such 
modifiers  are  colors  and 
diluents.  Colors  are 
added  to  monitor  the 
mixing  of  two  components. 
Diluents  are  used  to 
reduce  viscosity.  Other 
modifiers  include  wetting 
agents ,  toughners  and 
stabilizers. 


CURING  AGENTS 

The  curing  agent  plays  a 
major  role  in  the  cured 
adhesive  properties. 

Curing  agent  selection  is 
based  on  the  desired 
potlife,  cure  temperature, 
and  service  temperature  of 
the  adhesive  system.  In 
formulations,  the  curing 


agent  is  as  important  to 
the  final  properties  as 
the  base  resins. 


EXPERIMENTAL  DESIGN 

When  formulating,  scaling 
up  or  manufacturing 
an  adhesive  system,  there 
are  several  factors  to  be 
aware  of.  A  major  concern 
is  the  effects  of  lot-to- 
lot  variations  in  the  raw 
materials.  This  is 
overcome  by  obtaining 
several  representative 
lots  of  raw  materials  and 
extensively  evaluating  the 
effect  of  their  properties 
on  the  adhesive's 
properties.  By  narrowing 
down  raw  material 
specifications  such  as 
viscosity  and  epoxide 
equivalent  weight,  a  more 
consistent  product  will  be 
obtained.  It  is  important 
to  set  the  raw  material 
specifications  to  get  the 
desired  result  from  the 
final  product. 

When  screening  adhesive 
properties,  variations  in 
testing  technique,  lay-up, 
metal  etch  and  cure 
conditions  can  all  affect 
the  results.  It  is  very 
important  to  include  a 
control  each  time  a  new 
material  is  being 
evaluated. 

Repetitive  testing  must  be 
done  to  assure  that  the 
values  obtained  are 
consistent  and  not  a  "one 
time  fluke".  There  are 
several  things  to  consider 
when  comparing  two 
adhesives,  A  and  B,  whose 
performance  follows  a 
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bell-shaped  distribution 
curve  as  shown  below. 


In  the  region  where  the 
two  curves  overlap  there 
is  possible 

misinterpretation  of  test 
results . 

For  test  //I,  A  initially 
looks  better  than  B.  If 
enough  tests  are  performed 
B  should  statistically 
outperform  A.  The  more 
similar  A  and  B  are  in 
performance,  the  greater 
their  performance  curves 
will  overlap  therefore  the 
greater  the  possibility 
for  misinterpretation  of 
the  test  results. 

When  scaling  up  from  the 
lab  to  production, 
processing  parameters 
become  a  major 
consideration.  Mass 
effects  influence  the 
heat-up  rates,  cool-down 
rates  and  total  processing 
time.  These  changes  must 
be  monitored  to  determine 
their  effect  on  the  final 
adhesive  properties. 

By  designing  the 
experiments  to  accomodate 
the  lot-to-lot  variations, 
processing  variations  and 
statistical  errors,  the 
final  product  becomes  more 
consistent. 


taken  when  formulating 
Hysol's  new  adhesive  EA 
9394.  The  primary  goals 
were  to  exceed  the 
mechanical  specifications 
required  by  MMMA-132  Rev 
A,  to  eliminate  asbestos 
and  increase  room 
temperature  shelf 
stability  over  EA  934. 

The  secondary  goals  were 
to  have  a  thixotropic 
system  for  liquid  shim 
applications,  utilization 
of  low  toxicity  materials, 
improved  handling 
characteristics  and  good 
moisture  resistance. 

The  following  charts 
include  data  base 
information  on  EA  9394  and 
comparative  information 
with  EA  934  and  EA  934NA. 
Bulk  and  adhesive 
properties  are  also  given. 


A  PRODUCT.  ^  9394 
The  preceding  steps  were 
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Primary  Goals  for  Screening  EA  9394 


PROPERTY 


TENSILE  SHEAR 


TENSILE  SHEAR 


TENSILE  SHEAR 


TENSILE  SHEAR 


TENSILE  SHEAR 


TEST  CONDITIONS _ NO.  OF  SPEC. 


10  MIN.  -67°  +  5°  F  6 

75“  +  5“  F  6 

10  MIN.  180“  +  5“  F  6 

NORMAL  TEMPERATURE  6 


75“  +  5“  F  after  30  days 

at  120“  +  5“  F 

95-lOOt  relative  humidity 


75“  +  5“  F.  7  days  immersion  6 
in  the  respective  fluid  (4.5.5) 


£A  9394 


Secondary  Goals  Attained 

EXCELLENT  MECHANICAL  PROPERTIES 

TOUGHNESS 

LONGER  POTLIFE 

ROOM  TEMPERATURE  STORAGE  STABLE 
THIXOTROPIC,  NO  SAG 
HIGH  TEMPERATURE  COMPRESSIVE  STRENGTH 
GOOD  HOT/WET  COMPRESSIVE  STRENGTH 
ROOM  TEMPERATURE  CURE  (3-5  days) 

LOW  EXOTHERM 

SHORT  CURE  CYCLE  AT  ELEVATED  TEMPERATURES 


MINIMUM 

REQUIREMENTS 


3000  psi 


3000  psi 


2000  psi 


2750  psi 


2750  psi 
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XEA  9394 


PILOT  PLANT  AND  PRODUCTION  SCALE-UP 
TENSILE  LAP  SHEAR  VALUES  (psi) 


PILOT  PLANT  PRODUCTION 


TEST 

TEMPERATURE 

SPECIFICATION 

REQUIREMENT 

6258 

LOT  NUMBER 
7047 

7099 

LOT  NUMBER 
7160 

-67  °F 

3000 

3300 

3500 

3500 

3200 

77°F 

3000 

4100 

3900 

4200 

4000 

180°F 

2000 

2900 

3000 

3100 

3000 

300°F 

1000 

1900 

1700 

1700 

1800 

BULK  PROPERTIES  OF  EA  9394 


ADHESIVE  MIX  RATIO  SHORE  D  HARDNESS 

EA  9394  100:17  89 


TENSILE  STRENGTH  (psi)  TENSILE  MODULUS 
6675  620,000 


7.  ELONGATION 

1.66 


Tg  (DMTA,  DRY) 


Tg  (DMTA,  WET:60  DAYS  lOOX  RH) 
68“c 


SHEAR  MODULUS  (RDS) 

180°F  300°F 

212.040  118,130  74,470 


500°F 

7,985 
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COMPARISON  OF  EA  939A  VERSUS  EA  934NA  AND  EA  93A 


EA  939A 

EA  93A 

EA  93ANA 

VISCOSITY  (poises) 

PART  A 

5700-7500 

7500 

AOOO 

PART  B 

A2 

30 

30 

DENSITY 

PART  A 

1.A5 

1.55 

1.A5 

PART  B 

1.02 

.98 

.98 

MIXED 

1.33 

1.35 

1.30 

SLUMP 

NICKEL 

0 

0 

2" 

3M  JIG 

0 

>5" 

>5" 

POTLIFE  (minutes) 

100 

AO 

AO 

MIX  RATIO  100 i 

17 

33 

33 

ROOM  TEMPERATURE 

TENSILE  LAP  SHEAR  VALUES 

AFTER  EXPOSURE  TO: 

JPA 

A800 

3100 

3500 

HYDRAULIC  OILS 

AAOO 

3000 

3500 

IPA 

A200 

- 

3500 

WATER 

AAOO 

3600 

3500 

500  PSI 

TENSILE  LAP  SHEAR  7-8  6  6 

VALUES  AT  77OF 

(HOURS) 


73 


A.  B,  C  AND  D  ARE  MATERIALS  TYPICALLY  USED  FOR  LIQUID  SHIM  APPLICATIONS 


77  F.  DRY 

180  F.  LET 

250  F.  WET 

1  A 

S  B 

11  c  1 

D  iC*  Efl9394 

Synthesis  and  Adhesive  Properties 
of 

Acetylene  Terminated  Resins 


Dr.  Yesh  P.  Sachdeva 

Dr.  C.  Lynn  Mahoney 

Advanced  Technology  Group 
Research  and  Development 

Hysol  Aerospace  and  Industrial  Product  Division 
The  Dexter  Corporation 
2850  Willow  Pass  Road 
Pittsburg,  CA  94565 


Abstract 

Acetylenic  terminated  resins 
are  showing  considerable 
promise  as  processable, 
moisture  insensitive,  thermally 
stable  structural  materials. 
While  most  of  their  past  evalu¬ 
ation  has  been  in  composite 
systems,  some  have  shown 
potential  as  adhesive  candi¬ 
dates.  Selected  resins  based 
on  phenylene  backbones  have 
application  and  cure  properties 
similar  to  familiar  high- 
temperature  epoxide  adhesives. 
Their  retention  of  strength  and 
stabilities  at  elevated  temper¬ 
atures  are  considerably  above 
such  epoxide  based  systems,  but 
they  presently  need  improve¬ 
ments  in  toughness  and  adhesion 
properties.  The  solvent 


properties  of  the  resins  based 
on  bisphenol  A  limit  inclusion 
of  modifying  materials. 
Structural  modifications  and 
formulation  work  to  gain  such 
property  improvement  are  part 
of  this  work.  Through  such 
toughness  improvements,  the 
mechanical  strength  properties 
of  selected  AT  resins  have  been 
markedly  increased  over  the 
ambient  to  over  500®F  test 
temperature  range. 

1.  INTRODUCTION 

Over  the  past  thirty  years,  a 
high  level  of  synthesis  effort 
has  been  expended  in  prepara¬ 
tion  and  evaluation  of 
potentially  thermally  and 
oxidatively  stable  fluids  and 
polymers.  Many  of  the 
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compositional  factors  leading 
to  stability  and  required 
performance  have  been 
repeatedly  examined  and  general 
ground  rules  have  been  well 
established.  Not  unexpectedly, 
conflicts  exist  between 
attainment  of  thermal  and 
oxidative  stability  and  the 
practical  needs  of  ease  of 
processing  and  fabrication, 
mechanical  properties  and  cost, 
etc.,  and  major  compromises  are 
generally  needed. 

A  major  limitation  of  many 
materials  examined  in  the  past 
for  high  temperature  adhesive 
applications,  including  many  of 
the  materials  carried  to 
initial  commercial  stages,  has 
been  generation  of  volatile 
components  during  processing. 
Thus,  successful  formation  of 
void-free  bonds  have  been 
obtained  only  with  very  small 
overlap  areas.  Resins  curing 
by  addition  mechanisms  should 
not  generate  volatiles  and 
adhesives  based  on  maleimide, 
norbornene,  and  acetylenic  end 
groups,  etc.,  have  received 
various  levels  of  attention  for 
use  as  elevated  temperature 
adhesives.  The  norbornene,  and 
maleimide  systems  have  various 


problems  including  some 
volatile  generation,  major 
application  and  cure 
challenges,  and  toughness 
deficiencies.  The  acetylenic 
terminated  resins  (Ref  1)  based 
on  various  phenylene  backbones 
do  have  application  advantages 
similar  to  the  much  used  epoxy 
resins,  with  low  viscosities  at 
reasonable  temperatures  and 
reasonable  cure  schedules. 

These  resins  cure  by  an 
addition  mechanism  (Figure 
1)^^^  forming  a  cross-linking 
conjugated  polyene  structure 
that  has  premium  thermal  and 
oxidation  stability.  They 
absorb  only  low  levels  of 
moisture  so  that  mechanical 
properties  are  only  moderately 
reduced  in  wet  environments. 

Since  the  most  common  acetyl¬ 
enic  terminated  resins,  when 
cured,  are  brittle  materials, 
improvements  in  toughness  are 
needed  to  make  them  practical 
for  adhesive  applications. 
Examined  approaches  to  such 
improvement  include:  1. 
increase  the  cross-link 
distance  through  use  of  stable, 
more  flexible  backbone  struc¬ 
tures,  and;  2.  introduce  more 
polar  functionality  into  the 
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backbone  structure  so  that  the 
increased  solvent  power  will 
allow  inclusion  of  polymeric 
modifiers. 

The  work  following  is  the 
result  of  a  preliminary  study 
to  prepare  and  examine  the 
properties  of  some  new 
acetylenic  terminated  resins 
and  access  their  potential  for 
use  as  high  temperature 
adhesives. 

2.  EXPERIMENTAL 
2.1  Synthesis 

Most  of  the  new  AT-Resins  were 
synthesized  in  high  yields 
(80+%)  via  a  general  three-step 
synthesis  (Fig.  2).^^^  The 
first  step  involves  the  conden¬ 
sation  of  an  appropriate 
diphenol  with  excess  dibromo- 
benzene  to  yield  (95+%)  of  the 
bromophenyl  capped  Ullmann 
ether.  In  the  second  step,  the 
Ullmann  product  is  reacted  with 
2-methyl -3-butyn-2-ol  in  the 
presence  of  a  palladium  cata¬ 
lyst  to  generate  a  blocked 
AT-Resin.  The  third  step  uses 
a  base  for  deblocking  to  give 
the  final  resin  (Figure  2). 

Several  products  were  also  made 


using  the  reaction  of  dichloro- 
diphenyl  sulfone  with  m-  or 
p-bromophenol  and/or  a  diphenol 
to  produce  a  simple  or  oligomeric 
dibromo  compound  which  was  con¬ 
verted  to  an  acetylenic  resin  by 
the  above  described  route.  The 
structures  of  the  AT  (acetylenic 
terminated)  resins  made  for  this 
study  are  shown  in  Figure  3. 

2.2  Neat  Resin  Properties 
The  various  acetylenic  terminated 
resins  synthesized  for  this  study 
are  listed  in  Table  1.  Yields 
were  generally  high,  their  purity 
was  also  high  (HPLC)  and  the 
residual  metals  (Cu,  Pd  from  the 
catalysts  used  in  their  synthe¬ 
sis)  were  below  20  ppm.  The 
oligomer  content  was  dependent 
on  the  synthetic  route  and 
conditions  used  but  was  in  the 
15-20%  range  for  the  main  resins 
studied.  Their  viscosities 
varied  greatly,  mainly  dependent 
on  the  oligomer  content. 

Viscosity  temperature  curves 
(Rheometric  Viscoelastic  Tester), 
shown  in  Figure  4,  indicate  that 
most  of  the  resins,  with  20%  of 
less  oligomer  content,  reached  a 
10  poise  viscosity  level  by 
temperature  of  65-87°C  (Table  1). 
The  p-ATS  was  a  high  melting 
point  crystalline  material,  which 
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on  melting,  reached  a  low 
viscosity  but  at  a  temperature 
(160°C)  which  rapidly  caused 
advancement  towards  cure. 

The  cure  initiation  tempera¬ 
tures  [as  indicated  by  DSC 
(Differential  Scanning 
Calorimeter)  scans  at  10°C/min] 
were  closely  grouped  in  the 
125-160°C  range  and  the  peak 
exotherm  temperatures  ranged 
from  205-245°C  (Table  1). 

The  ATB  (bisphenol  A  based) 
resins  were  poor  solvents  for 
many  desired  modifying  polymers 
but  were  solvents  for  all  the 
related  acetylenic  terminated 
resins  studied  in  Table  1.  The 
m-ATBF6  and  m-ATDiB  were  poor 
solvents  also.  The  m-ATS  and 
m-ATBZ  resins  were  much  more 
polar  and  could  dissolve  up  to 
20-30%  of  modifying  polymers. 
The  m-ATBZ  was  selected  for  the 
formulation  work  of  this  study. 
The  m-ATS  resins  have  received 
much  formulation  attention  for 
matrix  resin  applications  in 
other  studies. 

2.3  Cured  Resin  Bulk 
Properties 

The  resin  cure  cycle  developed 
by  the  Air  Force  Materials 


Laboratory  for  m-ATB  and  m-ATS 
resinsl-^^  was  modified  for  the 
following  work.  For  cure  of 
neat  resin  samples,  as  well  as 
for  lap  shear  specimen 
preparation,  the  general 
conditions  used  were:  2-5°C/ 
min.  heat  up,  hold  at  121°C  for 
2  hrs.,  heat  to  179°C  and  hold 
for  4-5  hours.  Post  cure  at 
290°C  for  4  hours. 

In  the  cured  state,  the  series 
of  neat  resins  listed  in  Table 
2,  showed  the  expected  order  of 
Tg's  [as  measured  using  DMTA 
equipment  (Dynamic  Mechanical 
Thermal  Analysis)].  The 
highest  Tg  (TanA,  410°C)  was 
as  expected  for  the  low  oli¬ 
gomer  content  para  substituted 
acetylenic  terminated  sulfone. 
The  low  oligomer  content 
m-ATS 's  Tg  was  lower  at  360°C. 
This  was  followed  by  m-ATBF6  at 
325°C,  the  m-ATBZ  at  290°C  and 
the  m-ATB  at  275°C.  The 
m-ATDiB  was  still  lower  at 
260°C  (Table  2). 

The  moisture  absorption  level 
of  all  these  cured  AT  resins 
was  relatively  very  low  com¬ 
pared  to  more  conventional 
adhesive  and  matrix  resin 
systems.  As  shown  in  Figure  5, 
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during  exposure  at  160-200°F, 
100%  RH,  over  6%  water  was 
absorbed  by  a  BMI  system  and  5% 
by  a  typical  high  temperature 
epoxide  system  (tetraglycidyl 
methylene  diani 1 ine-diamina- 
diphenyl  sulfone).  In  con¬ 
trast,  m-ATB  and  m-ATDiB 
absorbed  only  0.5-0. 6%  water. 
The  water  absorption  of  the 
m-ATBZ  was  about  1.1%  and  the 
m-ATS  about  2%  under  the  same 
exposure.  This  increased  water 
absorption  of  the  m-ATS  system 
reflects  the  tradeoff  needed 
when  polarity  increases  are 
made  to  improve  solvency 
capabilities.  This  low 
absorption  greatly  reduces  the 
influence  of  moisture  on  the 
mechanical  properties  of  the  AT 
resins.  For  example,  in  DMTA 
tests  at  rapid  heat-up  rates 
(20°C/min)  to  reduce  water 
loss,  the  m-ATB  resin  showed  a 
wet  Tg  loss  of  only  20°C  (275°C 
dry-257°C  wet)  and  the  m-ATS 
only  40°C  (360°C  dry  -320°C 
wet).  This  compares  very 
favorably  to  the  120-140°C  Tg 
loss  of  high  temperature 
epoxides  and  bismaleimide 
systems  when  saturated  with 
moisture. 

When  cured,  all  the  above  AT 


resins  showed  a  high  level  of 
thermal  and  oxidation  stability. 
In  TGA  (Thermogravimetric) 
test,  using  finely  powdered 
samples  to  maximize  the  exposed 
surface  area,  the  m-ATB  resin 
showed  a  major  increase  in 
stability,  both  in  the  absence 
(N2)  and  presence  of  oxygen 
(air)  over  current  epoxide- 
based,  high-temperature 
systems  (Figure  6).  A  model 
BMI  system  showed  similar 
thermal  stability  (N2)  but  was 
significantly  poorer  in  tests 
in  air.  In  comparison  to  the 
m-ATB  resin,  both  the  m-  and 
p-ATS  resins  were  slightly  more 
thermally  and  oxidatively 
stable  (Table  2).  The  m-ATBF6 
showed  a  similar  high  stability 
in  these  tests.  The  m-ATDiB 
showed  an  expected  lower 
stability.  All  these  results 
show  a  stability  ordering 
expected  from  the  known 
relative  thermal  and  oxidative 
stability  of  the  added  central 
linking  groups  of  the  AT  resins. 
This  suggests  that  the  cross- 
linking  structure  generated 
during  cure  of  the  acetylenic 
groups  is  not  the  weaker  link 
in  such  materials.  Theoreti¬ 
cally,  phenylene  rings  could 
form  from  the  cross-linking 
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reaction  of  three  acetylenic 
groups.  However,  studies  by 
the  Air  Force  Materials 
Laboratory  have  indicated  that, 
at  most,  only  a  very  minor 
amount  of  such  reaction  occurs. 
The  main  cross-linking  reaction 
appears  to  involve  formation  of 
conjugated  double  bonds  which, 
through  their  conjugation, 
develop  a  high  level  of  oxi¬ 
dative  and  thermal  stabi 1 ity^^^. 

2.4  Performance  Properties 
The  tensile  lap  shear  test 
specimen  was  deliberately 
chosen  for  this  work  because  it 
greatly  concentrates  the 
stresses  at  the  edges  of  the 
bond  line.  It  thus  serves  as  a 
rapid  method  of  indicating  not 
only  the  tensile  strength  of 
adhesive  materials  but  shows 
also  the  order  of  the  peel 
strength  or  toughness  of  the 
system. 

In  this  initial  screening  work, 
the  high  temperature  tempered 
2024-T81  aluminum  was  used  for 
ease  of  fabrication  and  test 
specimen  preparation  as  well  as 
for  the  peel  stresses  imposed. 
Phosphoric  acid  anodized  sur¬ 
face  preparation  was  used  and 
the  cure  conditions  were 


similar  to  those  described  in 
Section  2.3. 

In  initial  screening  work  using 
m-ATB  resins,  tensile  lap  shear 
strengths  were  essentially 
linear  (1600  psi)  from  ambient 
temperatures  to  500°F  and  600°F 
values  were  still  900  psi 
(Figure  7).  Use  of  various 
support  fabrics,  fillers  and 
primers  has  so  far  not 
increased  the  lower  temperature 
strength  properties.  As  shown 
by  the  failure  pattern  of  the 
mx-ATB  lap  shear  test  specimen 
shown  in  the  SEM  photograph 
(Figure  8),  the  bond  fails 
progressively  in  a  highly 
brittle  manner  leaving  almost  a 
gridlike  pattern  of  long 
rectangular  bulk  adhesive  frag¬ 
ments.  This  brittle  failure 
pattern  is  seen  throughout  the 
tested  temperature  range  with 
the  m-ATB  resins  and  similar 
failure  patterns  were  found 
with  all  the  rigid  unmodified 
AT  resins  (ATB,  ATS,  ATBZ, 
etc. ). 

Initial  attempts  to  add  high 
molecular  weight  polymers  or 
addition  curing  coreactants  or 
other  potential  tougheners  were 
only  marginally  successful  with 
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resins  based  on  bisphenol  A. 
Increased  resin  polarity  to 
improve  wetting  and  adhesion  to 
specific  substrates  should  be 
possible  using  stable  polar 
linking  groups  for  aromatic 
structures.  Such  changes 
should  also  increase  the 
solvent  power  of  such  resins  to 
allow  formulating  approaches 
involving  addition  of  modifying 
polymer. 

3.  FORMULATION  STUDIES 

3.1  Reduction  of  Cross-Link 
Density 

Several  of  the  high  oligomer 
content  AT  resins  [p-AT(S-B) 
and  p-AT(S-DiB)]  showed  quite 
high  values  in  lap  shear  tests 
at  relatively  high  temperatures 
(approx.  2.5K  in  the  300-500°F 
range)  (Figure  7).  However, 
their  viscosities  were  much  too 
high  for  practical  application 
(Figure  4).  As  shown  in  Table 
3,  blends  containing  equal 
amounts  (1/1)  or  excess  (3/1) 
m-ATB  reduced  the  viscosities 
to  a  more  manageable  level. 

With  such  blends,  lap  shear 
strength  properties  were 
reduced  nearly  to  the  level  of 
the  m-ATB  (brittle  failure 
modes)  (Table  3).  This 


approach  was  set  aside  and 
formulation  work  with  polymeric 
modifiers  was  emphasized. 

3.2  Formulation  with  Polymeric 
Materials 

Both  the  m-ATS  and  m-ATBZ  are 
sufficiently  polar  to  act  as 
solvents  for  selected  stable 
polymeric  modifiers.  The 
m-ATBZ  resin  was  chosen  for  the 
following  work.  Screening 
studies  with  two  polymer 
systems  showed  promise  in 
generating  toughness  as 
measured  with  compact  tension 
test  specimensC^^.  A  major 
increase  in  was  found  with 
use  of  increasing  concentra¬ 
tions  of  Modifier  A  (Table  4). 
Modifier  B  was  less  effective. 
Both  polymeric  modifiers  made 
little  change  in  the  cure 
characteristics  of  their  blends 
in  m-ATBZ.  The  thermal  and 
oxidation  stability  and 
moisture  pick-up  of  Modifier  A 
blends  were  very  close  to  those 
of  the  neat  m-ATBZ  resin. 

3.3  Strength  Properties 
In  tensile  lap  shear  tests, 
blends  of  Modifier  B  with 
m-ATBZ  showed  only  modest 
improvement  over  results  with 
the  AT  resin  alone.  With 
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Modifier  A,  however,  and 
reflecting  the  major  increase 
in  Giq  values  (Table  4) 
obtained  through  its  use,  a 
major  increase  in  tensile  lap 
shear  values  was  obtained  over 
a  wide  temperature  range 
(Figure  9).  With  bond  line 
control  using  either  0.5  mil 
glass  beads  or  a  glass  scrim 
cloth,  tensile  shear  values 
were  in  the  range  of  2.0  KSI- 
2.8  KSI  over  the  ambient  to 
450°F  test  range.  Comparable 
tests  with  the  neat  m-ATBZ 
resin  gave  values  of  1.2-1. 5 
KSI.  With  the  Modifier  A-ATBZ 
resin  blends,  strengths  of  over 
1.2-KSI  were  retained  to  550°F. 
The  failure  mode  was  markedly 
less  brittle  than  with  the  neat 
AT  resin.  Some  bond  failure  at 
or  close  to  the  metal  surface 
and  from  the  glass  scrim  cloth 
is  partly  responsible  for  the 
observed  data  scatter  and 
offers  directions  for  strength 
improvement. 

4.  SUMMARY 

Acetylenic  terminated  phenylene 
resins  show  many  properties 
important  for  high  temperature 
adhesive  application.  They 
absorb  little  water,  have  good 


viscosity  and  cure  properties, 
and  are  thermally  and  oxida¬ 
tively  very  stable.  Their 
strength  properties  have  been 
hindered  by  brittle  failure 
modes.  Use  of  polymeric 
modifiers  has  given  major 
improvement  in  toughness 
properties  and  suggests  future 
attainment  of  useful  adhesives 
for  the  ambient  to  550°F 
temperature  range. 
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Table  1.  Neat  Resin  Properties. 


AT  Resins^) 

Oligomer 

Content 

Yield 

Viscosity, 
Temp.“C  for 
10  poise 

DSC  Scan 
Exotherm, 

0°C 

Init.  Peak 

Solvency 

% 

Modifier 

m-ATB 

15 

80 

65 

140 

220 

Low 

mx2)-ATB 

24 

80 

65 

(145) 

(210) 

LOW 

m-ATS 

0 

95 

87 

125 

221 

30 

p-ATS 

0 

65 

160 

(100  poise) 

165 

(mpt. 

205 

) 

- 

m-ATBZ 

20 

80 

78 

137 

245 

30 

m-ATBF6 

20 

80 

65 

154 

237 

Low 

m-ATDiB 

20 

80 

87 

160 

235 

Low 

p-AT(S-B) 

43 

65 

160 

(200  poise) 

135 

220 

- 

p-AT(S-DiB) 

32 

80 

168 

130 

220 

• 

See  Figure  3  for  structures, 
itix  -  85%m,  105!p,  5%  0  linkages. 


Table  2.  Summary  of  Cured  Resin  Bulk  Properties. 


Tg 

'•C 


H2O  Abs.  TGA 

%  Stab. 

Temp{°C), 
for  10%  Wt.  Loss 
N2  Mr 


Gir 

in-lbs/in2 


m-ATB 

275 

0.6 

- 

- 

"0.4 

mx3)-ATB 

275 

0.7 

430 

405 

- 

2.2 

m-ATS 

360 

1.6 

440 

420 

"0.1 

p-ATS 

410 

3.0 

455 

425 

"0.1 

m-ATBZ 

290 

1.1 

445 

- 

"0.1 

m-ATBF6 

325 

1.7 

435 

- 

- 

m-ATOiB 

260 

0.5 

360 

- 

0.45 

p-AT(S-B) 

285 

1.5 

430 

410 

- 

p-AT(S-DiB) 

245 

1.1 

430 

395 

- 

See  Table  1. 


85 


Table  3.  Performance  Properties  of  mx-ATB  Mixtures  with 
High  Oligomer  Content  AT  Resins. 


Mixture 

Viscosity, 
Temp.,  ®C, 
for  10  poise 

Tg 

‘’C 

H2O  Abs. 

%  w 

Tensi 

RT 

le  Lap  Shear, 
(“F) 

350  450 

KSI, 

550 

mx-ATB 

65 

276 

0.8 

1.5 

1.6 

1.5 

1.0 

p-AT(S-B) 

160 

(200  poise) 

285 

1.46 

2.0 

2.2 

2.4 

1.2 

1/1^^ 

110 

280 

1.04 

1.6 

1.6 

1.90 

0.8 

3/1^) 

82 

282 

0.85 

1.6 

1.6 

1.5 

1.0 

p-AT(S-DiB) 

168 

243 

1.1 

1.9 

2.6 

1.8 

0.4 

1/1^^ 

124 

264 

0.90 

1.7 

1.8 

1.7 

0.6 

3/1^) 

85 

270 

0.75 

1.6 

1.7 

1.6 

0.8 

1/1  mx-ATB/p-AT(S-B) 
b)  3/1  mx-ATB/p-AT(S-B) 

(or 

(or 

p-AT(S-DiB) 

p-AT(S-DiB) 

ratio. 

ratio. 

Table  4.  Fracture  Toughness  of  Formulated  AT  Resins 
(Compact  Tension  Specimen). 

Material  Gir.  in.lbs/in2 


m-ATBZ 

0.01 

+10%  Modifier 

A 

0.50 

+20%  Modifier 

A 

0.80 

+30%  Modifier 

A 

1.50 

+10%  Modifier 

B 

0.26 

+20%  Modifier 

B 

0.30 
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Conjugated  Polyene 


Figure  1.  Mechanism  of  Polymerization  of  AT  Resins 


Synthesis  of  m-ATB 


Br 


HC  =  C-c(cH,)jOH  I  (PhjP)jPdClj 
T  Ph,  P ,  Cuj  Ij 


Figure  2.  Synthesis  Route  to  AT  Resins 
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VISCOSITY,  POISE 


HC«C-Ph-0-R-0-Ph-CSCH 


<Ph>Phenylene  Group) 

_ B _  Abbreviation 

9H3 

-Ph-9-Ph-  ATB 

CHS 


9 

-PH-S-Ph- 

M 

O 

o 

-Ph-C-PH- 

CF3 

-Ph-C-Ph- 

CF3 

CH3  CHS 
-Ph-C-Ph-9-Ph- 
CH3  CHS 

O  9H3 

-Ph-S-Ph-O-Ph-C-Ph- 

M  I 

O  CHS 

O  9H3  9H3 

-Ph-S-Ph-O-Ph-C-Ph-C-Ph- 
O  CHS  CHS 


ATS 

ATB2 

ATBF6 

AT-DIB 

AT(S-B) 

AT(S-DiB) 


Figure  3.  Structures  of  Synthesized  AT  Resins 


TEMP.,  °C 

Figure  4.  Viscosity-Temperature  Properties 
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Weight  Loss,  %w 


Time,  Days 

Figure  5.  Water  Absorption  Levels  of  Cured  AT  Resins 


Temp.,  °C 

Figure  6.  Thermal -Oxidation  Resistance  of  AT  Resins 
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LAP  SHEAR  TEST 


{2024-T81,PA) 


Test  Temp.,  °F 


Figure  7.  Tensile  Lap  Shear  Test  Performance  of  AT  Resins 


Figure  8.  Brittle  Fracture  Pattern  of  Unmodified  AT  Resins 
(Lap  Shear  Specimen,  m-ATB,  BOX) 


100  200  300  400  500  600 

Test  Temp.,  °F 

Figure  9.  Tensile  Lap  Shear  Test  Performance  of  Toughened  m-ATBZ. 
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ABSTRACT 

The  evolution  of  physical 
properties  and  durability  of 
two-part  epoxy  adhesives  is 
discussed  in  terms  of  "genera¬ 
tions"  of  products.  Comparisons 
are  made  in  regards  to  the 
general  organic  chemistry  of 
these  epoxy  adhesives  in  rela¬ 
tion  to  their  performance.  Of 
major  importance  is  the  compari¬ 
son  of  second  generation  two- 
part  epoxies  and  third  genera¬ 
tion  two-part  epoxies.  Second 
generation  epoxies  rely  upon  the 
phase  separation  of  a  rubber 
(usually  a  functional  butadiene- 
nitrile  polymer)  during  cure  to 
obtain  their  performance.  Third 
generation  epoxies  improve  upon 
this  concept  by  providing  a 
system  where  the  rubber  (an 
acrylic)  is  phase  separated  in 
the  epoxy  resin  before  cure. 

The  lap  shear  and  peel  perform¬ 
ance  of  adhesive  bonds  made  with 
the  four  generations  of  adhe¬ 
sives  are  compared.  The  dura¬ 
bility  of  adhesive  bonds  made 
with  the  four  generations  of 
adhesives  are  also  compared  on 
both  steel  and  aluminum.  The 
results  indicate  the  superior 
performance  i)f  the  third  genera¬ 
tion  system.  Dynamic  mechanical 
analysis  as  well  as  electron 
microscopy  are  used  to  explain 
some  of  the  results. 


1.  INTRODUCTION 

The  evolution  of  performance  of 
two-part  epoxy  adhesives  can  be 
described  in  terms  of  "genera¬ 
tions"  of  products  in  much  the 
same  way  as  this  terminology  has 
been  applied  to  acrylics  and  to 
epoxy  based  film  adhesives.  The 
"zeroth"  generation  of  two-part 
epoxy  adhesives  comprises  those 
adhesives  which  consist  of  a 
single,  unmodified  epoxy  resin 
and  an  unmodified  curative, 
usually  a  polyamide.  "Zeroth" 
generation  two-part  epoxy 
adhesives  are  characterized  as 
being  moderate  to  high  shear 
strength  adhesives  but  also  as 
being  very  brittle  materials. 

The  fi rst  generation  of  two-part 
epoxy  adhesives  comprises  those 
adhesives  which  consist  of 
single  or  multiple  epoxy  resins 
as  the  base  resin  and  a  curative 
which  imparts  flexibility  to  the 
cured  adhesive.  Fi rst  genera¬ 
tion  two-part  epoxy  adhesives 
are  characterized  as  being 
moderate  in  shear  strength  but 
as  having  high  elongation  so 
that  the  adhesive  is  more  elast¬ 
omeric  than  brittle.  The  second 
generation  of  two-part  epoxy 
adhesives  comprises  those  adhe¬ 
sives  whose  base  consists  of 
epoxy  resins  modified  by 
reactive  liquid  polymers  and  a 
curative  selected  such  that 
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appropriate  epoxy  matrix 
properties  would  result.  In 
this  second  generation  of 
two-part  epoxy  adhesives,  the 
reactive  liquid  rubber  is 
initially  soluble  in  the  epoxy 
resin  but  the  rubber  phase 
separates  from  the  epoxy  phase 
as  the  adhesive  cures.  This 
results  in  a  cured  epoxy  matrix 
having  dispersed  therein  a 
discrete  phase  of  rubbery 
particles.  Second  generation 
epoxy  adhesives  are  character¬ 
ized  as  being  "tough"  or  frac¬ 
ture  resistant  while  maintaining 
the  modulus  of  the  unmodified 
epoxy.  This  fracture  resistance 
is,  for  the  most  part,  due  to 
the  presence  of  the  two  phase 
morphol ogy. 

Inherent  to  the  second  genera¬ 
tion  technology  is  the  depend¬ 
ence  of  the  phase  separation 
process  upon  the  cure  of  the 
epoxy.  Thus,  factors  such  as 
the  degree  of  mixing,  the  tem¬ 
perature  of  cure  or  maintenance 
of  the  proper  stoichiometry  of 
the  base  resin  and  the  curative 
could  affect  the  fracture  resis¬ 
tance  of  the  adhesive  in  that 
the  phase  separation  could  be 
affected.  To  address  this  con¬ 
cern,  3M  has  developed  a  new 
resin  technology  in  which  the 
proper  phase  separation  of  the 
rubber  is  complete  in  the 
uncured  epoxy  resin.  Thus,  the 
cure  factors  mentioned  above 
will  have  no  effect  on  the  phase 
separation  characteristics  of 
the  base  resin.  This  new  resin 
technology  forms  the  basis  of 
new  thi rd  generation  two-part 
epoxy  adhesives. 

2.  EXPERIMENTAL 

a.  Adhesives 

The  "zeroth"  and  first  genera¬ 
tion  adhesives  used  in  the  work 


are  3M's  EC-1838  B/A  and  EC-2216 
B/A,  respectively.  Both 
adhesives  have  been  successfully 
used  for  over  20  years  in  both 
aerospace  and  general  industrial 
applications.  The  third 
generation  adhesives  used  in 
this  work  are  EC-3569  B/A  and 
lXA-3559  B/A.  The  base  resin 
for  the  second  generation 
adhesive  used  in  this  work  was 
synthesized  by  the  method  of 

N.C.  Paul,  et.  al.^  The  base 
resin  generated  had  an  epoxy 
equivalent  weight  of  242  as 
determined  by  the  tetrabutyl- 
ammonium  bromide/acetic  acid/ 
perchloric  acid  titration 
method.  This  equivalent  weight 
is  identical  to  that  of  the 
resin  in  EC-3569-B.  The  second 
generation  base  resin  was  then 
further  modified  with  the  same 
fillers  as  used  in  EC-3569-B  in 
such  a  way  as  to  make  this  resin 
identical  in  every  way  to 
EC-3569-B  except  for  the  type  of 
toughener.  The  curative  used 
with  the  second  generation  base 
resin  was  EC-3569-A.  We  will 
designate  the  second  generation 
adhesive  as  CTBN/3569-A.  From 
this  discussion  it  is  seen  that 
CTBN/3569-A  is  meant  to  be  an 
exact  2nd  generation  analog  to 
EC-3569  B/A;  the  only  difference 
is  the  mode  of  toughening.  Both 
parts  of  all  of  the  adhesives 
were  thoroughly  deaerated  in  a 
vacuum  oven  at  elevated  temper¬ 
ature  before  weighing  and 
mixing.  They  were  also  deaerat¬ 
ed  as  well  as  possible  after 
mixing  but  before  application. 

b.  Metals  and  Surface 
Preparati on 

Aluminum.  The  metals  used  as 
adherends  in  this  study  were 
2024-T3  bare  and  clad  aluminum 
alloy  and  7075-T6  bare  aluminum 
alloy.  In  one  case,  5052H34  and 
6061  aluminum  alloy  was  used. 
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The  surface  preparation  was  the 
optimized  FPL  etch  process.  No 
priming  of  any  sort  was  used  in 
this  work. 

Steel .  1010  cold  rolled  steel 

was  used.  Coupons  were  de¬ 
greased  by  wiping  with  methyl 
ethyl  ketone  (MEK)  using  a  lint 
free  cloth.  Abraded  samples 
were  first  MEK  wiped  then 
abraded  with  a  Scotch-Brite® 
three  dimensional  abrasive  pad 
and  again  MEK  wiped.  Grit 
blasted  samples  were  first  MEK 
wiped  then  grit  blasted  with  120 
alumina  grit  at  an  air  pressure 
of  0.55  MPa.  Etched  samples 
were  MEK  wiped  then  etched  in  a 
nitric/phosphoric  acid  solution 
at  room  temperature  for  5  min¬ 
utes,  rinsed  in  tap  water  and 

2 

allowed  to  air  dry. 

c.  Bonding  Method 

A1 uminum.  Lap  shear  specimens 
were  generated  using  ASTM  Method 
D1002  with  the  following  excep¬ 
tions.  The  metal  had  dimensions 
of  4"  X  7"  X  0.063".  The  adhe¬ 
sive  was  applied  in  a  1/2"  wide 
stripe  down  the  milled  edge  of 
the  specimen.  4  mil  thick  shims 
were  placed  into  the  adhesive  at 
three  locations  to  maintain  a 
constant  bondline  thickness  for 
all  of  the  adhesive  bonds.  The 
specimens  were  fixtured  with 
pressure  sensitive  tape,  placed 
between  release  liners,  card¬ 
board  (for  equalization  of 
pressure)  and  then  steel  plates 
were  placed  on  the  assembly  to 
apply  a  pressure  of  about  4  psi 
to  the  bonded  areas.  T-peel 
specimens  were  generated  accord¬ 
ing  to  ASTM  Method  D1872  with 
the  following  exceptions.  The 
metal  had  dimensions  of  3"  X  8" 

X  0.032".  The  adhesive  was 
applied  in  a  2.5"  wide,  25  mil 
thick  stripe  down  the  center  of 
the  metal  panel  (except  in  the 


case  where  EC-2216  B/A  was  used, 
where  the  applied  thickness  was 
32  mils).  Brass  shims  of  8  mil 
thickness  were  placed  on  both 
sides  of  the  strip  of  adhesive 
(except  in  the  case  of  EC-2216 
B/A,  where  25  mil  thick  shims 
were  used)  to  control  bondline 
thickness.  The  bond  was  fix¬ 
tured  with  pressure  sensitive 
adhesive  tape,  placed  between 
release  liners  and  cardboard  and 
the  assembly  was  placed  under 
steel  plates  to  apply  a  pressure 
of  0.4  psi  to  the  bonded  area. 

The  adhesives  were  allowed  to 
cure  at  ambient  laboratory 
conditions  under  pressure  for  24 
hours,  after  which  the  bonds 
were  placed  in  a  constant  tem¬ 
perature,  constant  humidity  (CT) 
room  (77°F/50%  RH)  for  another  6 
days.  Several  of  the  T-peel 
bonds  were  left  in  the  CT-room 
for  40  and  90  days  before 
testing. 

Steel .  Single  coupon  lap  shear 
specimens  were  made  with  the 
surface  prepared  cold  rolled 
steel.  The  adherend  dimensions 
were  1"  X  4"  and  the  adherend 
thickness  was  60  mils.  The 
bonded  area  measured  1"  X  0.5" 
and  a  uniform  bondline  thickness 
of  10  mils  was  maintained  using 
steel  spacer  wires.  The 
adhesive  components  were 
weighed,  hand  mixed  and  applied. 
Bonds  were  allowed  to  cure  at 
room  temperature  for  7  days 
under  a  slight  applied  pressure. 

d.  Testing 

Initial  Physical  Properties 

Initial  physical  properties  were 
determined  on  an  MTS  880  Tensile 
Tester.  The  rate  of  crosshead 
displacement  for  lap  shear  spec¬ 
imens  was  O.r'/min.,  while  the 
rate  of  crosshead  displacement 
for  T-peel  specimens  was  20"/min. 


94 


At  elevated  and  reduced  tempera¬ 
tures,  the  lap  shear  strengths 
were  determined  in  a  Missimers 
environmental  cabinet.  The  lap 
shear  strength  of  a  series  of 
bonds  was  determined  after  10, 
11.5,  13.5,  15  and  16.5  minutes 
of  exposure  to  the  environment. 
This  is  important  as  it  consti¬ 
tutes  a  post  cure  of  the  adhe¬ 
sive. 

Durability  Tests,  Aluminum. 
Durability  of  adhesive  bonds 
made  with  the  adhesives 
described  in  Section  2. a. 

(above)  was  evaluated  by  the 
3M  sustained  load  durability 
test  as  described  by  Pocius,  et. 

3 

al .  The  samples  used  were 
"blister  detection"  specimens  as 
described  in  Ref.  3.  The  bonds 
were  placed  into  spring  loaded 
fixtures  with  an  applied  stress 
of  25%  or  10%  of  their  ultimate 
strength  when  measured  at  100°F 
(37.8°C).  The  fixtures  are 
placed  in  a  Blue  M  cabinet  under 
conditions  of  100°F  and  95-100% 
RH.  The  fixtures  were  examined 
at  least  twice  daily  to  deter¬ 
mine  the  time  to  failure. 

Durability  Tests,  Steel.  The 
single  lap  shear  specimens 
described  in  Section  2.c.  were 
used  and  the  method  of  test  is 
described  immediately  above. 

e.  Dynamic  Mechanical 
Analysi s 

Samples  of  mixed  adhesive  were 
placed  between  pieces  of  Teflon 
-  FEP.®  The  samples  were 
allowed  to  cure  for  seven  days 
at  ambient  temperature.  After  7 
days,  the  sample  was  cut  into 
three  pieces.  One  of  these 
pieces  was  postcured  for  one 
hour  at  140°F  (60°C)  and  the 
other  for  one  hour  at  180°F 
{82.2°C).  The  samples  were  then 
subjected  to  dynamic  mechanical 


analysis  (DMA)  using  a  DuPont 
1090  Dynamic  Mechanical 
Analyzer.  The  temperature  scan 
rate  was  5°C/min.  Several 
samples  of  the  room  temperature 
cured  adhesives  were  tested 
using  various  scan  rates  to  be 
sure  that  the  scan  rate  did  not 
affect  the  results. 

f.  Electron  Microscopy 

Samples  for  electron  microscopy 
were  cut  from  T-peel  specimens 
that  were  failed  in  order  to 
determine  peel  performance  (see 
Table  2).  The  samples  were 
taken  from  T-peel  specimens  that 
were  tested  after  7  and  40  days 
ambient  temperature  cure.  The 
sections  of  T-peel  specimen  were 
appropriately  coated  with 
conductive  media  and  they  were 
then  analyzed  using  a  JEOL  Model 
840  Scanning  Electron  Microscope 
used  in  the  secondary  electron 
emission  mode.  The  JEOL  Model 
840  Microscope  has  a  resolution 
of  lOOA. 

3.  RESULTS 

a.  Lap  Shear  Performance 

The  lap  shear  performance  of  the 
various  generations  of  adhesives 
is  compared  in  Table  1.  The 
mo^t  evident  differentiation  is 
the  far  superior  performance  in 
lap  shear  of  the  2nd  and  3rd 
generation  two-part  epoxies  over 
that  of  the  earlier  generation 
systems.  This  superiority 
exists  in  the  temperature  range 
-67°F  to  180°F.  At  250°F,  the 
0th  and  1st  generation  systems 
display  better  performance 
except  in  the  case  of  lXA-3559 
B/A.  lXA-3559  B/A  is  a  third 
generation  adhesive  formulated 
to  give  better  high  temperature 
lap  shear  strength.  In  compar¬ 
ing  the  2nd  and  3rd  generation 
adhesives,  the  2nd  generation 
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adhesive  displays  a  moderate 
superiority  at  room  temperature 
and  below.  However,  at  elevated 
temperatures,  the  3rd  generation 
system  displays  a  definite 
superiority.  The  differentia¬ 
tion  is  most  marked  with  a 
comparison  of  EC-3569  B/A  and 
CTBN/3569-A.  Remembering  that 
the  amount  of  epoxy  resin  and 
the  curative  in  these  two  adhe¬ 
sives  is  identical,  this  dif¬ 
ference  in  performance  at  eleva¬ 
ted  temperature  is  surprising. 

b.  T-Peel  Performance 

The  T-peel  performance  of  the 
various  generations  of  epoxy 
two-part  adhesives  is  compared 
in  Table  2.  There  is  a  sub¬ 
stantial  difference  in 
performance  between  the  0th 
generation  adhesive  and  the 
other  adhesives.  This  is 
expected  since  the  reason  for 
the  evolution  of  this  type  of 
product  is  the  improvement  of 
fracture  resistance.  The  T-peel 
performance  of  the  2nd 
generation  adhesive  is 
surprisingly  low  (see  discussion 
below).  Very  startling  is  the 
difference  in  performance  as  a 
function  of  bond  aging  at 
ambient  conditions.  It  can  be 
inferred  from  the  literature 
that  epoxies  which  cure  at  room 
temperature  are  incompletely 
cured  after  7  days  at  room 

temperature.^  There  is  also 
some  suggestion  that  epoxies 
will  "physically"  age  even  when 
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completely  cured.  Usually  more 
complete  cure  means  a  higher 
crosslink  density  in  the  epoxy 
matrix  which  usually  means  a 
more  brittle  material. 

"Physical"  aging  also  usually 
leads  to  embrittlement  of 
epoxies.  The  results  in  Table  2 
clearly  differentiate  the 
generations  of  adhesive,  in  that 
the  0th  and  1st  generation  seem 


to  become  more  brittle  as  they 
age  while  the  2nd  and  3rd 
generation  adhesives  display 
constant  or  increasing  peel 
performance.  Particularly 
impressive  is  the  doubling  of 
peel  performance  of  EC-3569  B/A 
and  lXA-3559  B/A  and  its  compar¬ 
ison  to  the  modest  increase  in 
peel  strength  for  CTBN/3569-A  in 
the  same  period  of  room  tempera¬ 
ture  aging. 

c.  Durability  Performance 

A1  umi num.  The  "control" 
strength,  the  ultimate  shear  at 
100°F  (37.8°C)  of  "blister  detec¬ 
tion"  specimens  made  with  the  4 
generations  of  adhesives,  is 
shown  in  Table  3.  The  shear 
strengths  vary  in  much  the  same 
order  as  that  seen  in  Table  1. 

The  bonds  were  loaded  at  25%  and 
10%  of  their  "control"  strength. 
The  actual  stress  applied  is  also 
shown  in  Table  3.  Also  shown  are 
the  results  of  sustained  load 
durability  tests  of  adhesive 
bonds  made  with  the  4  generations 
of  adhesives.  The  0th  and  1st 
generation  adhesives  demonstrated 
bond  failure  at  25%  of  ultimate 
at  very  short  times.  Notwith¬ 
standing  this  result,  these 
adhesives  have  been  used  success¬ 
fully  in  the  aerospace  and  other 
industries  for  over  20  years. 

The  second  generation  adhesive 
displays  improved  performance  in 
durability.  This  type  of  behav¬ 
ior  has  also  been  noted  in  the 
evolution  of  film  adhesives  and 
acrylic  adhesives.  Far  greater 
improvement  in  durability  per¬ 
formance  in  comparison  to  other  3 
generations  of  adhesives  is  noted 
for  the  third  generation  adhe¬ 
sives.  EC-3569  B/A  displays  10 
times  better  resistance  to  the 
aggressive  environment  than  the 
2nd  generation  adhesive.  Once 
again,  this  is  particularly  sur¬ 
prising  in  light  of  the  fact  that 
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CTBN/3569-A  and  EC-3569  B/A 
differ  only  in  the  type  of 
toughener  and  the  toughener 
comprises  only  15%  of  the  final 
mixed  adhesive  for  both  systems. 
lXA-3559  B/A  gives  extraordinary 
durability  performance  in  that 
some  specimens  have  been  under 
load  in  high  temperature,  high 
humidity  condition  for  over  3 
years  with  jio  failures.  This 
type  of  resistance  to  this 
aggressive  environment  was  once 
thought  only  available  from  heat 
cured  epoxy  adhesives. 

Steel .  In  the  case  of  steel 
adherends,  the  durability  data 
is  presented  in  Table  4. 

Control  strengths  are  shown  in 
the  last  column  of  Table  4.  The 
trends  observed  are  similar  to 
those  discussed  for  aluminum  and 
are  also  similar  to  those 

previously  reported.  Thus,  the 
third  generation  adhesive 
provides  the  best  performance. 
Unfortunately,  tests  of  this 
sort  were  not  performed  on  the 
second  generation  adhesive.  In 
terms  of  surface  preparation, 
grit  blasting  provides  the  most 
durable  joints  followed  by 
abrasion  or  a  nitric/phosphoric 
acid  etch.  Solvent  wiping 
generally  leads  to  the  poorest 
performance,  although  some 
results,  particularly  at  the 
lower  stress  levels,  appear  to 
be  as  good  as  those  obtained 
using  abraded  adherends. 

d.  Dynamic  Mechanical 

Analysi s 

5 

The  result  of  dynamic  mechani¬ 
cal  analysis  of  the  cured  mono¬ 
lithic  adhesives  as  a  function 
of  cure  are  shown  in  Figures 
1-5.  The  0th  generation  adhesive 
shows  two  peaks  in  the  loss  spec¬ 
trum,  one  at  about  -47°C  and  the 
other  at  about  48°C.  The  lower 
temperature  peak  is  ^transition 


which  results  from  localized 
segmental  motion  in  the  polymer 
while  the  higher  temperature 
peak  is  anqf transition  which 
results  from  major  main  chain 
motion  in  the  polymer.  The 
temperature  of  the<)'transition  is 
also  the  glass  transition  tem¬ 
perature  of  the  epoxy.  All 
amine  cured  bisphenol-A  based 
epoxy  resins  exhibit  a  /}  tran¬ 
sition  in  the  temperature  range 
of  -50°C.  The  cy  transition  of 
EC-1838  B/A  as  a  function  of 
cure  temperature  varies  in  the 
expected  manner  as  it  increased 
slightly  with  more  cure. 

EC-2216  B/A,  Figure  2,  shows  a  Q 
transition  at  about  the  same 
temperature  as  the  0th  genera¬ 
tion  adhesive.  However,  the 
peak  is  at  a  much  lower  tempera¬ 
ture,  in  fact  below  room  temper¬ 
ature,  attesting  to  the  elasto¬ 
meric  character  of  this  1st 
generation  adhesive.  Surprising¬ 
ly,  there  is  very  little  effect 
of  postcure. 

The  DMA  results  for  the  second 
generation  adhesive  are  shown  in 
Figure  3.  They®  transition  has 
become  very  prominent  for 
CTBN/3569  B/A  in  comparison  to 
either  the  0th  or  1st  generation 
adhesive.  The  increased  loss  is 
due  to  the  fact  that  the  adhe¬ 
sive  has  phase  separated  and  the 
glass  transition  temperature  of 
the  rubber  is  at  about  -40°C. 
Thus  the  peak  seen  in  this 
temperature  range  is  a  combina¬ 
tion  of  the  Jb  transition  of  the 
epoxy  and  the  transition  of 
the  rubber.  If  the  rubber  was 
not  phase  separated,  then  the 
^  temperatures  of  the  epoxy 
would  be  lower  than  those  seen 
for  EC-1838  B/A  and  the 
transition  intensity  would 
likely  be  the  same  as  for  the 
unmodified  system.  This  is  not 
seen,  so  the  adhesive  apparently 
displays  a  phase  separated 
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character.  The  transition 
peak  as  a  function  of  postcure 
once  again  shows  a  modest  in¬ 
crease  in  temperature,  much  as 
would  be  expected. 

Figures  4  and  5  display  the  DMA 
results  for  the  3rd  generation 
adhesives.  Nominally,  the  look 
of  the  figures  is  much  the  same 
as  that  seen  for  the  second 
generation  adhesive  shown  in 
Figure  3.  The  height  and 
position  of  thejJpeak  at  -40°C  is 
similar  to  that  seen  for  the  2nd 
generation  adhesive  indicating  a 
phase  separated  system.  The 
transition  peak  as  a  function  of 
postcure,  displays  a  very 
curious  effect  in  comparison  to 
the  other  generations  of  adhe¬ 
sives.  Where  the  other  adhe¬ 
sives  show  modest  increase  in  Tg 
as  a  function  of  postcure,  the 
third  generation  adhesives  give 
substantial,  in  excess  of  20°C, 
increases  in  Tg  with  postcure  at 
180°F.  Once  again,  these 
results  are  surprising  in  light 
of  the  chemical  similarity 
between  CTBN/3569-A  and  EC-3569 
B/A.  lXA-3559  B/A,  whose  cura¬ 
tive  has  been  formulated  for 
high  temperature  performance, 
gives  a  dramatic  34°C  increase 
in  Tg  with  a  180°F  postcure. 

e.  Electron  Microscopy 

Electron  micrographs  of  peel 
failure  surfaces  for  the  4 
generations  of  adhesives  are 
shown  in  Figure  6.  The  electron 
micrographs  clearly  demonstrate 
the  differences  in  the  type  and 
degree  of  deformation  caused  by 
propogation  of  a  crack  in  the 
T-peel  specimens.  The  micro¬ 
graph  for  EC-1838  B/A  shows  a 
mostly  brittle  failure,  the  flat 
surfaces  are  believed  to  be  the 
filler.  The  micrograph  for 
EC-2216  B/A  shows  a  somewhat 
greater  degree  of  plastic  defor¬ 
mation  than  EC-1838  B/A.  The 
micrograph  for  the  2nd  genera¬ 


tion  adhesive  shows  a  massive 
amount  of  plastic  deformation. 

The  small  bumps  easily  visible 
in  the  micrograph  are  likely  the 
phase  separated  rubber  parti¬ 
cles.  The  micrographs  for  the 
third  generation  adhesives 
display  massive  amounts  of 
plastic  deformation  and  cavita¬ 
tion  in  the  wake  of  the  crack. 

The  voids  present  in  the  failure 
surface  are  not  due  to  entrapped 
air;  all  of  the  adhesives  were 
completely  deaerated  in  a  vacuum 
oven  before  use.  None  of  the 
other  failure  surfaces  display 
the  level  of  cavitation  display¬ 
ed  by  the  third  generation  adhe¬ 
sives.  This  type  of  micrograph 
is  very  similar  to  the  type 
observed  for  2nd  generation 
rubber  toughened  heat  cured 

epoxy  adhesives.^ 

4.  DISCUSSION 

The  chemistry  and  physical 
properties  of  rubber  modified 
structural  adhesives  have  been 

Q 

reviewed  by  Pocius.  There  are 
also  many  reviews  of  the 
chemistry  which  is  utilized  in 
second  generation  structural 
adhesives,  i.e.  the  carboxy 
terminated  butadiene-nitrile 

rubber^  (Hycar  CTBN-RLP®  marketed 
by  B.  F.  Goodrich).  As  discussed 
in  the  introduction,  the  mode  of 
operation  of  the  2nd  generation 
systems  is  the  use  of  a  rubber 
polymer  which  is  prereacted  with 
an  epoxy,  which  is  initially 
soluble  in  the  epoxy  resin  but 
phase  separates  upon  cure. 

Several  authors  have  expressed 
concern  about  the  effect  of 
improper  cure  on  the  phase 
separation  characteristics  of  2nd 

generation  systems. To  meet 
the  concern,  3M  has  generated 
third  generation  adhesives  in 
which  the  rubber  is  phase 
separated  in  the  epoxy  resin 
before  cure. 
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The  chemistry  of  third 
generation  systems  unites 
acrylic  and  epoxy  technology. 

The  key  to  the  system  is  a 
unique  amphiphilic  molecule 
which  has  both  acrylic  and  epoxy 
functionality.  Acrylic  monomers 
are  chosen  having  appropriate 
solubility  characteristics  and 
elastomeric  characteristics  when 
they  are  polymerized  by  a  method 
to  which  epoxy  resins  are  not 
sensitive.  Thus,  the  amphiphile 
is  dissolved  in  an  epoxy  resin 
and  then  acrylic  monomers  and  a 
free  radical  initiator  are  also 
dissolved  into  the  epoxy  resin. 
As  the  acrylic  polymerization 
proceeds,  the  growing  acrylic 
elastomer  becomes  insoluble  in 
the  epoxy  resin.  Normally,  the 
acrylic  polymer  would  cata¬ 
strophically  phase  separate 
leading  to  a  macroscopically 
phase  separated  system. 

However,  the  unique  amphiphile 
used  in  the  third  generation 
adhesive  base  resin  stabilizes 
the  growing  acrylic  polymer  as 
acrylic  microdroplets  suspended 
in  the  epoxy  resin.  The 
mechanism  by  which  this  occurs 
is  known  as  "steric 

stabilization".^^ 

The  acrylic  rubber,  thus  phase 
separated,  is  stable  in 
suspension  for  periods  in  excess 
of  five  years.  In  addition,  due 
to  the  bi reactivity  of  the 
surfactant,  the  acrylic 
elastomer  is  chemically  bound  to 
the  epoxy  once  the  epoxy  is 
cured.  This  chemical  bond  is 
known  to  be  necessary  to 
achieve  toughness  in  a  two  phase 

IP 

rubber  modified  resin  system. 

The  performance  advantages  of 
the  third  generation  system  over 
the  earlier  generation  systems 
are  obvious  in  Tables  1  and  2. 

In  addition  to  the  excellent 
shear  performance,  the  peel 
performance  is  exceptional  for  a 
system  having  high  180°F  lap 


shear  strength.  Note,  however, 
that  all  of  the  adhesives  were 
exposed  to  the  high  temperature 
environment  for  periods  of  time 
in  excess  of  10  minutes.  This 
does  lead  to  some  postcure  of 
the  adhesive,  a  fact  seldom 
alluded  to  in  data  sheets 

13 

on  two-part  adhesives.' 

However,  for  the  lap  shear  tests 
at  elevated  temperatures,  the 
adhesive  bonds  were  tested 
identically  as  discussed  in 
Section  2.d.,  thus  the  compari¬ 
sons  are  valid.  The  lap  shear 
strengths  at  high  temperatures 
should  be  correlated  with  the 
DMA  results  shown  in  Figures 
1-5.  The  Tg  of  EC-1838  B/A  is 
at  about  5n°C  and  its  lap  shear 
performance  drops  off  after 
60°C.  The  Tg  of  EC-2216  B/A  is 
at  about  21°C  and  its  lap  shear 
performance  drops  off  after 
35°C.  The  2nd  and  3rd  genera¬ 
tion  systems,  due  to  their 
curative  system,  offer  higher 
Tg's  and  proportionally  higher 
retention  of ^ shear  strength  at 
elevated  temperature.  The  third 
generation  adhesives,  however, 
give  substantially  higher  Tg's 
after  postcure  and  this  results 
in  the  much  higher  lap  shear 
performance  shown  in  Table  1. 

We  believe  that  the  effect  is 
due  to  the  much  "cleaner"  phase 
separation  in  the  third  genera¬ 
tion  system  as  exhibited  in  the 
micrographs  in  Figure  6.  Less 
well  phase  separated  particles, 
as  are  apparent  in  Figure  6c, 
leads  to  a  lower  Tg  (due  to 
retention  of  the  CTBN-RLP®  in 
solution)  and  hence  lower  high 
temperature  lap  shear  perfor¬ 
mance. 

The  peel  performance  of  the 
adhesive  systems  as  displayed  in 
Table  2,  indicates  the 
superiority  of  the  2nd  and  3rd 
generation  systems  over  earlier 
systems.  In  addition,  even 
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though  the  peel  strength  of 
EC-3569  B/A  and  lXA-3559  B/A  is 
adequate  for  most  aerospace 
applications  after  7  days  of 
room  temperature  cure,  these 
adhesives  display  an  increase  in 
peel  performance  with  time. 

Other  data  generated  at  3M  but 
not  included  here  demonstrates 
that  lap  shear  performance  does 
not  degrade  as  peel  strength 
increases.  The  cause  of  the 
dramatic  effect  is  not  known, 
however,  it  could  be  due  to  more 
complete  reaction  of  the 
amphiphile  to  the  matrix  as  the 
resin  continues  to  cure.  The 
durability  of  adhesive  bonds 
made  with  the  newer  2nd  and  3rd 
generation  adhesives  certainly 
exceeds  that  of  the  earlier 
systems.  The  third  generation 
adhesives  also  show  a  marked 
improvement  in  bond  durability 
over  the  second  generation 
systems.  Especially  notable  is 
the  outstanding  durability  of 
bonds  made  with  lXA-3559  B/A. 

The  reason  for  the  exceptional 
durability  of  the  3rd  generation 
adhesives  is  not  known,  but 
could  be  due  to  better  wetting 
of  the  substrates  by  the  adhe¬ 
sive  since  acrylic  polymers  are 
lower  in  surface  energy  than 
epoxies.  It  is  possible  that 
the  combined  system  has  a  lower 
surface  energy  than  the  compar¬ 
able  second  generation  adhesive 
system.  It  is  possible  that  the 
acrylic  rubber  sorbs  less  moist¬ 
ure  than  the  nitrile  rubber  and 
this  leads  to  a  more  durable 
bond.  Moisture  uptake  experi¬ 
ments  have  not  been  performed  to 
substantiate  this  proposition. 

5.  Summary 

The  geneology  of  2  part  epoxy 
adhesives  was  discussed  and 
performance  characteristics  were 
compared.  The  results  indicate 
that  third  generation  two-part 


adhesives  having  a  pre-phase 
separated  acrylic  elastomer 
provide  improvements  in  perfor¬ 
mance,  especially  in  durability, 
over  previous  generation  adhe¬ 
sives. 
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COMPARISON  OF  LAP  SHEAR  PERFORMANCE  OF  THE  "GENERATIONS"  OF  ADHESIVES 
(psi,  values  in  parenthesis  are  in  MPa) 
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(Average  of  5  specimens,  4  mil  thick  bondlines) 


TABLE  2 


COMPARISON  OF  ROOM  TEMPERATURE  T-PEEL  PERFORMANCE  OF 
THE  "GENERATIONS"  OF  ADHESIVES  AS  A  FUNCTION  OF 
DAYS  OF  CURE 

(pounds/inch  width) 


Adhesive  "Generation" 

0th 

1st 

2nd 

3rd 

3rd 

Adhesive  Designation 

EC-1838B/A 

EC-2216B/A  CTBN/ 
3569-A 

EC-3569B/A 

1XA-3559B/A 

Days  of  RT  Cure 

7 

3.5 

20.5 

14.2 

24.7 

21.8 

40 

3.6 

11.8 

13.7 

31 

27.3 

90 

3.0 

10 

17.7 

45.8 

36.7 

(Average  of  3  specimens) 

(Bondlines  were  8  mil  thick  except  in  the  case  of  EC-2216  B/A 
where  the  bondline  was  20  mil  thick) 
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DURABILITY  OF  ADHESIVE  BONDS  MADE  WITH  THE  FOUR 
GENERATIONS  OF  ADHESIVES*.  CONDITIONS  ARE  SUSTAINED  LOAD  AT  100°F/95-100%  RH 
(all  metal  is  surface  prepared  by  the  optimized  FPL  etch  method) 
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*As  of  5/1/87 

**Measured  at  100°F  without  preapplication  of  humidity  or  stress 


TABLE  4 


SUSTAINED  LOAD  DURABILITY 

RESULTS 

FOR  1010 

COLD-ROLLED  STEEL 

LAP  SHEAR  SPECIMENS 

Adhesive  Surface 

Time  to  Failure  (days) 

Control 

Prep. 

800  psi 

400 

psi  200  psi 

Strength  (psi) 

EC-2216  B/A  MEK  wipe 

1 

1 

1 

486 

Abrade 

1 

1 

1 

581 

Prime 

1 

1 

1 

1671 

Grit  blast 

1 

1 

1 

803 

Etch 

1 

1 

1 

793 

EC-1838  B/A  MEK  Wipe 

1 

1 

60 

2026 

Abrade 

1 

18 

27 

2833 

Prime 

1 

27 

60+ 

3127 

Grit  blast 

1 

20 

60+ 

2567 

Etch 

1 

1 

21 

2540 

lXA-3569  B/A  MEK  wipe 

1 

49 

56+ 

3073 

Abrade 

21 

40 

42+ 

2867 

Prime 

27 

50 

56+ 

2933 

Grit  blast 

32 

57 

56+ 

2940 

Etch 

30 

38 

39+ 

2973 

Exposure,  38°C/100%  RH; 

control 

strength 

measured  at  38°C; 

applied  loads  are 

shown  at  the  tops  of  the 

Time  to 

Failure 

col umns. 

D42:2 
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Damping 


Dynamic  Mechanical  Analysis 
as  a  Function  of  Cure 


Figure  1 


Dynamic  Mechanical  Analysis 
as  a  Function  of  Cure 


Figure  2 
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Damping  Damping 


Dynamic  Mechanical  Analysis 
as  a  Function  of  Cure 
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Figure  3 


Dynamic  Mechanical  Analysis 
as  a  Function  of  Cure 


Figure  4 
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Damping 


Dynamic  Mechanical  Analysis 
as  a  Function  of  Cure 


Figure  5 
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Figure  6 

Electron  Micrographs  of  T-Peel  Failure 
Surfaces 

3000x  Magnification 
Bonds  Pulled  40  Days  After  Bonding 


c.  “2nd”  Generation 
CTBN/3569-A 


“0th”  Generation 
EC-1838  B/A 


d.  “3rd”  Generation 
EC-3569  B/A 


b.  “1st”  Generation 
EC-2216  B/A 


e.  “3rd”  Generation 
1XA-3559  B/A 
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ABSTRACT 

An  examination  of  the  basic  processes  leading  to  the  failure  of  the 
bond  between  relatively  high  Young’s  modulus  load  bearing  materials 
and  the  much  lower  elastic  modulus  materials  used  as  matrices  in  fibre 
composites,  e.g.  tire  cord  in  rubber,  glass  and  carbon  fibres  an  epoxy 
resins  suggests  that  debonding  is  a  brittle  fracture  process.  Using  an 
energy  approach  that  successfully  describes  these  debonding  processes, 
two  types  of  structural  adhesive  joint  are  examined.  It  is  shown  that 
for  short  bond  lengths  they  can  behave  as  if  the  adhesive  has  a  yield 
stress,  even  though  the  process  is  a  brittle  fracture  one.  For  longer 
bond  lengths,  failure  is  governed  by  (bond  length)^^.  The  bond  appears 
to  behave  in  a  way  analogous  to  a  Griffith  crack.  Thus,  although  it 
is  important  for  the  adhesive  to  be  as  tough  as  possible,  further 
improvements  in  bond  strength  might  be  possible  if  the  elastic  modulus 
of  the  adhesive  could  be  increased. 

1.  INTRODUCTION 

Great  advances  have  been  made  in  developing  structural  adhesives  which 
are  useful  for  bonding  metals  and  high  performance  composites.  However, 
the  factors  important  in  developing  a  good  bond  are  still  imperfectly 
understood^^).  In  the  case  of  tire  cord  adhesion  to  rubber,  it  is  thought 
that  debonding  can  be  considered  to  be  a  brittle  fracture  process.  The 
debonding  work,  <7j,  in  this  case  is  identified  as  the  work  of  peeling 
the  rubber  from  tire  cord  material:  fibre  pull  out  experiments  and  peeling 
experiments  gave  about  the  same  values  of 

Work  on  fibres  in  plastics  appear  to  be  leading  to  a  similar  conclusion. 
Debonding  processes  are  investigated  by  the  same  type  of  fibre  pull 
out  experiment  as  used  for  tire  cord  and  rubber.  Early  work  suggested 
that  an  approximately  constant  shear  stress,  Tj,  governed  the  debonding 
stage  of  pull  out.  Thus  the  debonding  force,  F/^,  was  thought  to  be 
at  least  roughly  proportional  to  embedded  length,  L,  i.e. 


F^  =  ndLTj 


(1) 
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where  d  is  the  fibre  diameter.  This  expression  was  found  to  fit  very 
well  results  with  fibres  pulled  out  of  metal  matrices^^),  and  was  used 
to  explain  the  results  from  experiments  with  components  of  reinforced 
plastics  by  Favre  and  co-workers^^).  Chua  and  Piggott  found  that  they 
needed  to  modify  equation  1  by  the  addition  of  a  constant  term  to 
the  right  hand  side,  for  small  values  of  L,  and  that  for  large  values 
of  L,  was  independent  of  However,  this  involved  two  distinct 

modes  of  failure  and  was  unnecessarily  complicated.  Instead,  a  single 
curve 


=  7Td>f(7jn£fL 


(2) 


was  shown  to  fit  the  results  somewhat  better^^).  Fig.  1  compares  these 
two  interpretations,  for  the  same  set  of  results,  i.e.  glass  fibres  pulled 
out  of  cylindrical  bars  of  polyester  resin.  It  can  be  seen  that  the 
monotonically  increasing  curve  (equation  2)  is  more  in  keeping  with  the 
trend  in  the  results  for  L  greater  than  about  1.2  mm.  In  addition,  more 
recent  results  fit  equation  2  much  better  than  equation  Results 
obtained  with  carbon  fibres  by  Favre  et  al  could  also  be  fitted  using 
equation  2,  as  also  could  results  obtained  with  carbon  fibres  by  Piggott 
et  al  In  equation  2  Ef  is  the  Young’s  modulus  of  the  fibres,  and 
n  is  a  constant  approximately  equal  to  0.327  -jEnj/Ef  for  the  dimensions 
of  fibre  and  polymer  cylinder  used  in  the  experiment  (Ej^  is  the  Young’s 
modulus  of  the  polymer). 


Embedded  Length  (mm)  Embedded  Length  (mm) 

Two  mode  failure  (left)  compared  with  simple  brittle  failure 
in  debonding  of  glass  fibres  from  polyester  resins^®) 
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Recently  it  was  shown  that  for  small  values  of  nL/d,  equation  2  should 
be  written^*^) 


=  nd  NlEf^id/2  >Jnstanh(ni) 


(3) 


where  s  =  2L/d.  For  ns  >  3  equation  3  reduces  to  equation,  2,  but  for 
ns  <  0.3  equation  3  reduces  to 


F^^  TTdLn  >j2Ef<?i/d 


(4) 


so  that  Fy^  is  a  linear  function  of  L.  Experiments  in  which  steel  rods 
were  pulled  out  of  epoxy  resins  gave  results  which  agreed  with  equation 
3,  i.e.  giving  a  linear  region  near  the  origin,  and  an  variation  for 
larger 

The  linear  region  near  the  origin  can  be  misinterpreted.  Comparing 
equation  4  with  equation  i  we  see  that  we  now  have  a  spurious  shear 
stress,  .j-i  =  ts,  where 


Ts  S  0.327  >|2Em^i/d 


(5) 


(n  has  been  replaced  by  0.327  ^jEm/Ef  in  equation  5). 

Thus,  great  care  is  needed  in  the  interpretation  of  the  results  of  pull 
out  experiments.  If  short  embedded  lengths  only  are  investigated,  an 
erroneous  interpretation  of  results  is  possible,  i.e.  that  some  sort  of 
yielding  is  taking  place,  rather  than  fracture.  For  example,  with  the 
"microdebond"  test'^^)  in  which  a  small  blob  of  resin  is  cured  on  a 


Fig.  2.  Failure  load  per  ply  unit  width  of  joint  as  a  function 

of  lap  length  for  glued  double-lapped  glass-polymer/aluminum 
joints.  The  figures  on  the  curves  indicate  the  number  of 
layers  in  the  laminates^^^^. 
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fibre,  and  then  debonded  by  shear,  the  results  appear  to  fit  equation 
1.  However,  with  Kevlar,  higher  values  of  L  could  be  used  without  the 
fibre  breaking,  and  a  curved  vs  L  plot  was  obtained  for  the  higher 
L  values.  This  could  be  fitted  to  equation  3  reasonably  well,  with 
plausible  values  of  the  constants^^^ 

In  this  paper,  the  approximate  energy  analysis  will  be  extended  to  the 
case  of  flat  adhesive  joints.  These  joints  can  exhibit  non-linear 
behaviour.  Figure  2^^^)  shows  some  results  obtained  with  lap  joints  in 
which  the  load  bearing  capacity  is  not  always  a  linear  function  of 
the  joint  length. 

2.  ENERGETICS  OF  FAILURE  OF  AN  ADHESIVE  JOINT 

A  joint  made  with  a  structural  adhesive  involves  stress  concentrations, 
in  just  the  same  way  as  a  single  embedded  fibre  does.  The  stresses 
involved  have  been  well  investigated,  especially  by  finite  element 
methods,  and  some  mitigation  of  the  stress  concentrating  effect  is 
possible  by  rounding  off  the  glue  profiles  at  the  ends  of  the  joints<13). 
The  stress  concentrating  effect  of  the  joint  coupled  with  the  sudden 
changes  of  elastic  modulus  at  the  adherend— adhesive  interface  make 
the  joint  analogous  to  a  Griffith  crack^^^^.  We  will  first  consider  what 
is  probably  the  simplest  case,  shown  in  fig.  3,  where  a  sheet  of  material, 
thickness  d,  and  width  b  is  glued  to  a  solid  block  of  material  whose 
elastic  deformation  may  he  neglected.  The  glue  line  has  thickness  t, 
the  bond  length  is  L,  and  we  consider  the  stresses  and  strains  as  a 
function  of  distance  x  along  the  bond  line. 

If  the  stress  in  the  sheet  is  Op,  and  the  adhesive  has  a  shear  stress 
Tg,  then  for  equilibrium  between  the  force  in  the  sheet  and  the  surface 
shear,  we  have 


dtjp/dx  =  Tg/d  (6) 


Fig.  3.  Joint  between  sheet  and  rigid  block. 
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and  TgCan  be  determined  from  the  displacement  of  the  sheet,  u,  since 
the  shear  strain  in  the  adhesive  is  u/t.  Thus, 

u/t  =  Tq/Gq  (7) 

Similarly,  the  tensile  strain  in  the  sheet  is  ep  =  du/dx.  Thus 

du/dx  =  cTp/Ep  (8) 

Differentiating  equation  8  with  respect  to  x,  and  using  equations  6 
and  7  gives 

d^CTp/dx^  =  Jn^ffp  (7) 


where 

m  =  viGg/dtEp  (10) 

The  solution  to  equation  9,  for  cFp  =  0  at  x  =  0  and  cfp=  cPpg  at  x 

=  L  is 

Op  =  Ope  sinh-{mx^/sinh^mL^  (11) 

To  estimate  the  energy  in  the  system,  first  consider  the  energy  Up 
in  the  plate 

Up  =  (bd/2Ep)  a^pdx  (12) 

which  on  substitution  for  Op  from  equation  11  gives,  on  integration 

Up  =  (bdarpe^/4mEp)(coth^mL  J-  -mL/sinh^-<!mL  »  (13) 

In  the  adhesive,  the  energy  Ug  is 

Ua  =  (bt/Ga)  T^dx 


(14) 


From  equations  6  and  the  differential  with  respect  to  x  of  equation 
11,  we  have 

Ta  =  mdoTpgCosh-imx  J-Zsinh^mL?-  (15) 

Substituting  this  into  equation  14  and  integrating  gives 

Ua  =  (bdcjpe^/4mEp)(coth-{mLH'mL/5inh^SrnL  »  (16) 


so  that  the  total  energy,  U-p  =  Up+Ug  is 

U-p  =  bdorpg^coth-imL  ?-/2mEp 
For  failure,  with  work  of  fracture  Jj 

Ut  =  bLZ?i 


(17) 


(18) 


and  finally  using  equation  17  we  have,  for  the  force  F^  for  failure 
by  brittle  fracture  < 


F^  =  b>l2dEp(7j  >jmLtanhmL 


Equations  19  and  3  differ  only  by  virtue  of  the  different  geometries. 

The  lap  joint  between  two  sheets  with  different  Young’s  moduli  Ep^ 
and  En2.  and  thickness  dp  and  d2  is  equivalent  to  two  joints  of  the 
type  shown  in  figure  3.  So,  instead  of  equation  17,  we  have 


Up  =  b(dp.3'ppg2coth^mpLy2mpEpp+d2<yp2B^co^h-<m2L  J>-/2m2Ep2)  (20) 
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and  the  force  is  given  by  the  stresses  Op^e  and  CTp2e  in  the  sheets 


Fa  =  bdiOpie  =  bd2ap2e 


(23) 


In  this  case,  failure  occurs  when  Uj  =  bL(?i  as  before,  so  that  the 
failure  force,  F^  is  given  by 


Fa  =  b  'j2L(?i/(coth^miL  ;^/dimiEpi+coth-<rn2L  J-/d2in2Ep2  ^24) 


For  sheets  having  the  same  thickness  d  and  Young’s  modulus  Ep  this 
reduces  to 


Fa  =  b  Nim^Ep^^i  \|mj^Ltanh-<miL  J- 


(25) 


with 


m^  =  m\(2 


(26) 


3.  DISCVSBION 

This  approximate  treatment  indicates  that  the  failure  of  lap  joints  and 
other  forms  of  adhesive  joints  may  he  governed  by  the  same  equations 
as  debonding  in  fibre  composites.  In  particular,  for  short  bond  lengths 
(small  L,  so  that  mL  <  0.3)  a  pseudo  shear  strength  Tg  may  govern 
failure.  This  is  because  equation  19  reduces  to 


Fa  S  bmL  'j2dEp<7i 


(27) 


so  that 


Tg  =  >|2Ga(7i/t 


(2B) 


For  long  bond  lengths,  (mL  >  3)  by  contrast 


Fa  =  h(2(JiL)Vi  (dGaEp/t)V* 


(29) 
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Equation  28  can  give  quite  high  values  for  the  pseudo  shear  stress. 
For  example,  for  =  1  GPA,  typical  of  an  epoxy,  and  for  =  200 

Jm-2  (obtained  in  pull  out  experiments  with  Eteel(iO)in  epoxy)  a  glue 
line  0.1  mm  thick  gives  Tg  =  63  MPa.  Fig.  4  shows  the  theoretical  Fa 
vs  L  plot  for  this  system  with  =  211  GPa  (steel)  and  d  =  1  mm. 
If  the  steel  had  a  strength  of  1  Gra,  the  steel  strip  would  fail,  rather 
than  the  bond,  for  L  >  55  mm.  The  linear  part  of  the  curve  ends  at 
L  =  2  to  3  mm. 

Fig.  5  shows  the  predicted  failure  force  for  a  steel-aluminum  lap  Joint. 
Again,  the  glue  line  is  0.1  mm  and  the  metal  pieces  are  1  mm  thick 
and  10  mm  wide.  For  an  aluminum  alloy  having  a  strength  of  500  MPa 
failure  would  occur  at  about  L  =  52  mm.  The  curve,  plotted  using 
equations  20-22,  has  an  almost  identical  shape  to  that  shown  in  fig. 
4,  although  the  force  transmitted  for  a  given  bond  length  is  about 
one  half  that  for  the  steel  bonded  to  a  rigid  block.  The  inset  has 
an  expanded  scale  for  L,  and  shows  that  the  linear  region  extends 
to  about  4  mm  of  Joint.  This  linear  part  indicates  a  pseudo  shear  stress 
of  about  41  MPa. 


Fig.  4.  Failure  load  vs  Joint 
length  for  steel  sheet 
bonded  to  rigid  block. 
Steel  is  10  mm  wide,  1  mm 
thick.  Adhesive  0.1  mm 
thick. 


Fig.  5.  Failure  load  vs  Joint 
length  for  a  lap  Joint 
between  steel  and 
aluminum.  Both  strips  10 
mm  wide  and  1  mm  thick. 
Adhesive  is  0.1  mm  thick. 


This  type  of  Joint  failure  corresponds  well  with  the  type  of  failure 
observed  when  relatively  thick  laminates  are  Joined  (see  fig.  2)  and 
agrees  well  with  work  on  debonding  of  tire  cord  from  rubber(2)(these 
workers  observed  non-linear  F^  vs  L  plots)  and  work  with  glass  and 
carbon  debonded  from  polyester  and  epoxy^^^.  Agreement  is  particularly 
good  with  steel  rod  debonded  from  epoxy^^^X  The  only  difference  between 
these  cord,  fibre,  and  rod  studies,  and  a  lap  Joint  appears  to  be  the 
different  geometry.  The  governing  equations  ^re,  apart  from  the 
geometrical  factors,  substantially  the  same. 
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The  reason  for  this  type  of  failure  appears  to  be  that,  in  joints  using 
structural  adhesives,  there  is  a  large  difference  in  moduli  between  the 
materials  being  joined  and  the  structural  adhesive;  typically  100  to  1 
so  that  the  discontinuity  is  akin  to  a  Griffith  crack.  Thus  an  adhesive 
joint  seems  to  be  inherently  weak. 

Two  approaches  to  the  problem  seem  likely  to  be  fruitful.  The  obvious 
one  of  making  the  adhesive  tougher  is  being  pursued  with  vigour. 
However,  since  the  glue  line  is  generally  quite  thin,  the  efficacy  of 
this  approach  is  limited^^^).  The  other,  i.e.  increasing  the  Young’s  modulus 
of  the  adhesive  to  close  to  that  of  the  adherends,  will  not  be  easy 
with  polymer  adhesives  and  metal  or  composite  adherends.  However,  it 
should  be  noted  that  joints  between  metals  using  solders  and  other 
metallic  brazing  materials  can  be  extremely  strong,  and  appear  to  fail 
by  yielding  rather  than  brittle  fracture. 

CONCLUSION 

A  joint  made  with  a  structural  adhesive  (i.e.  a  polymer)  appears  to  be 
inherently  weak  because  of  the  large  difference  in  Young’s  modulus 
between  the  adhesive  and  adherend.  The  joint  can  thus  behave  in  a 
way  analogous  to  a  Griffith  crack,  and  the  joint  strength  for  moderately 
long  and  very  long  joints  can  be  proportional  to  (joint  length)^  rather 
than  directly  proportional  to  joint  length,  Once  the  possibilities  of 
tougher  adhesives  have  been  exhausted,  it  would  be  worth  examining 
the  effect  on  joint  behaviour  of  increasing  the  elastic  modulus  of  the 
adhesive. 
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ABSTRACT 

Elastoplastic  fracture  behavior  of  a 
rubber  toughened  solid  film  epoxy  adhesive 
with  and  without  carrier  cloth  (Metlbond 
1113  and  1113-2)  is  studied  using  bulk  and 
bonded  specimens.  The  bulk  specimens  are 
tested  under  monotonic  loading  using 
single-edge-crack  specimen  geometry.  The 
Independently  Loaded  Mixed  Mode  Specimen 
(ILMMS)  geometry  is  used  for  mixed  mode 
testing  in  the  bonded  form.  The  ILMMS 
geometry  allows  simultaneous  but  physically 
separate  application  of  cleavage  and  shear 
loads. 

The  availability  of  Kj^,  (yield 

stress),  E  and  v  (Poisson’s  ratio)  values 
in  the  bulk  mode  makes  the  calculation  of 
crack  tip  plastic  zone  radii  (r  )  and 

fracture  energy  (Gj^^)  values  possible  on 

the  basis  of  Irwin’s  theory. 

In  the  bonded  form,  the  relationship 
between  the  bondhne  thickness  and  the 
crack  tip  plastic  zone  radius  values 
calculated  earlier  is  studied.  Expressions 
developed  on  the  basis  of  LEFM  assumptions 
are  utihzed  to  calculate  Gj^^  and  Gjj^ 

values  in  the  bonded  form.  The  Gj^^  values 

obtained  in  this  manner  are  compared  to  the 
bulk  Gj^-.  values  obtained  earlier. 


With  the  availability  of  Pj  and  Pj^ 

(Gj  and  Gj^)  values  that  result  in  failure 

in  the  bonded  form,  the  fracture  condition 
(i.e  the  fracture  failure  criterion)  in 
mixed  mode  (modes  I  and  II)  loading  is  de¬ 
termined  for  adhesively  bonded  joints. 

For  cyclic  loading,  the  first  phase  of 
the  investigation  involves  determination  of 
the  threshold  levels  for  crack  propagation 
under  cyclic  mode  I  and  static  mode  II 
loads.  Experimental  results  reveal  that 
the  threshold  cyclic  load  levels  in  mode  I 
are  reduced  when  the  level  of  mode  II  stat¬ 
ic  loads  is  increased. 

Crack  propagation  rates  (da/dN)  are 
measured  as  a  function  of  total  strain  en¬ 
ergy  release  rate  during  the  second 

phase.  Functional  relationship  is  es¬ 

tablished  between  (da/dN),  (G-pj^j^x) 

(AG). 

Key  Words:  Elastoplastic  Adhesive  Fracture; 
Energy  Balance  Criterion;  Principal  Stress 
Criterion;  Mixed  Mode  Adhesive  Fracture; 
Plastic  Deformation  Zone,  Cyclic  Threshold 
Load,  Crack  Growth  Law 


A.  ADHESIVE  BEHAVIOR  UNDER 
MONOTONIC  LOADING 

INTRODUCTION 

Adhesively  bonded  joint  failures  are 
usually  results  of  catastrophic  crack  pro¬ 
pagations  (brittle  fracture)  originating 
from  inherent  flaws  (voids  or  trapped  air 
bubbles)  and  impurities  [1].  These  flaws 
are  mainly  formed  in  the  bulk  of  the 
adhesive  material  during  the  curing  process 
if  ideal  bonding  and  surface  preparation  of 
adherends  prevail.  Hence,  a  complete 
characterization  of  adhesives  requires  in¬ 
vestigation  of  flaw-related  material  pro¬ 
perties  as  well  as  bulk  tensUe  properties 
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as  functions  of  cure  and  other  service 
parameters.  Since  inherent  flaws  usually 
cause  structural  adhesives  to  fail  in  a 
brittle  maimer,  the  use  of  an  LEFM  (Linear 
Elastic  Fracture  Mechanics)  method  can  be 
considered  appropriate  for  characterizing 
their  fracture  behavior. 

This  paper  presents  data  using  model 
thermosetting  adhesives  Medbond  1113  and 
1113-2  which  are  commercially  available 
from  Narmco  Materials,  Inc.  (Costa  Mesa 
California)  in  0.25  mm  and  0.13  mm 
(respectively)  thick  solid  film  roUs. 
Medbond  1113  is  a  100%  solids,  modified 
nitrile  epoxy  film  with  a  synthetic  carrier 
cloth.  Medbond  1113-2  is  the  same 
adhesive  without  the  carrier  cloth. 

Brinson  et  al.  [2]  determined  that  the 
mechanical  behavior  of  bulk  Medbond  1113 
and  1113-2  adhesives  is  affected  by  the 
rate  of  straining.  They  showed  that  the 
constant  strain  rate  stress-strain  behavior 
of  the  adhesives  approaches  a  perfecdy 
elastic-plastic  behavior  as  the  magnitude 
of  strain  rate  is  increased.  This 
mechanical  behavior  was  described  with  the 
use  of  modified  Bingham  visco¬ 
elastic-plastic  model. 

Since  the  stresses  at  a  crack  tip  re¬ 
ach  high  values  upon  loading,  yielding 
occurs  in  a  zone  called  the  "crack  tip 
plastic  zone."  If  this  zone  is  small  com¬ 
pared  to  crack  length,  it  wiU  not  gready 
disturb  the  elastic  stress  field  around 
it.  Consequendy,  the  extent  of  the  plast¬ 
ic  zone  can  be  defined  by  the  elastic 
stresses.  Apparendy,  the  use  of 
elastic-plastic  material  assumption  in 
stress  analysis  problems  gready 
facilitates  the  solution. 

The  elastic-plastic  material  behavior 
assumption  has  been  widely  used  for 
adhesive  materials  by  a  number  of  in¬ 
vestigators  such  as  Bascom  [3]  and 
Hart-Smith  [4].  Bascom  used  a  crack  tip 
plane-strain  assumption  to  relate  the 
adhesive  tensile  yield  stress,  elastic  mod¬ 


ulus  and  the  crack  tip  plastic  zone  radius 
to  the  fracture  energy  (Gj^-,).  He 

calculated  the  plastic  zone  radius  (r^^)  by 

using  experimentally  measured  values  of 
Gj^,  Oy  and  E  [3]. 

In  order  to  be  able  to  interpret  the 
bulk  data  to  design  bonded  joints,  however, 
on  needs  to  understand  the  constraint 
mechanisms  imposed  on  the  adhesive  material 
in  the  bonded  form.  Bascom  [3]  reports 
that  the  maximum  fracture  energy  for  an 
adhesive  in  the  bonded  form  was  obtained 
when  the  bond  thickness  was  approximately 
equal  to  the  plastic  zone  diameter  (2r  ). 

His  investigations  also  revealed  that  this 
maximum  Gjq  value  was  equal  to  that  ob¬ 
tained  with  the  bulk  form  of  the  adhesive. 

In  adhesively  bonded  joints  crack  pro¬ 
pagation  is  constrained  within  the  adhesive 
layer  regardless  of  the  loading  orienta¬ 
tion.  Because  of  this  condition  one  needs 
to  consider  mixed  mode  fracture.  The 
majority  of  practical  adhesive  applications 
involve  only  Gj  and  Gjj  due  to  the  peel  and 

in-plane-shear  stresses  that  arise  in  the 
use  of  lap  joint  geometries.  In  such 
geometries,  adhesive  cracks  are  exposed  to 
both  tension  and  shear  resulting  in  mixed 
mode  cracking. 

The  Independently  Loaded  Mixed 
ModeSpecimen(ILMMS)geometryisuseddur- 
ing  the  current  investigation  for  mixed 
mode  testing  of  adhesives  in  the  bonded 
form.  This  geometry  was  originally  pro¬ 
posed  by  Ripling  et  al.  [5].  It  allows 
combined  or  independent  application  of 
cleavage  and  shear  loads.  Monotonic  load¬ 
ing  of  the  specimens  with  different  Pj  to 

PlI  ratios  enables  us  to  determine  the 

failure  criterion  for  fracture  of  adhesive¬ 
ly  bonded  specimens. 

In  order  to  determine  the  fracture 
toughness  (Kj^-,)  of  bulk  adhesives,  the 
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single-edge-cracked  specimen  geometry 
shown  in  Figure  1  was  chosen.  The  per¬ 
tinent  dimensions  of  plate  specimens  for 
Kjq  testing  are  the  crack  length,  thickness 

and  the  ligament  (uncracked)  length. 
According  to  ASTM  standards  [6]  for  a  Kj^ 

test  to  be  valid,  these  dimensions  should 
exceed  a  certain  multiple  of  the  quantity 
2 

(KjjVOy)  .  This  quantity  has  been  shown 

[6]  to  be  directly  proportional  to  the 
crack  tip  plastic  zone  radius.  Based  on 
the  elastic-plastic  material  assumption, 
the  LEFM  solutions  are  valid  beyond  the 
plastically  deformed  zone  around  the  crack 
tip,  if  the  size  of  this  zone  is  small. 

ANALYTICAL  CONSIDERATIONS 

Irwin  [7]  showed  that  for  an  isotropic 
material  in  the  bulk  form  and  crack  tip 
plane  strain  conditions  the  stress  in¬ 
tensity  factor  can  be  expressed  as 

Kj  =  (GjE/1-v^)’/2  (1) 

where  v  is  the  Poisson’s  ratio. 

For  ductile  materials  the  crack  pro¬ 
pagation  process  involves  mainly  plastic 
energy  due  to  crack  tip  plastic  deforma¬ 
tion.  Furthermore  the  mathematical 
formulation  of  the  stress  field  based  on 
perfectly  elastic  material  behavior  suffers 
from  singularity  at  the  crack  tip.  In  ord¬ 
er  to  resolve  this  problem,  Irwin  assumed 
elastic-plastic  material  behavior  and 
stated  that  the  failure  stress  at  the  crack 
tip  is  equal  to  the  uniaxial  yield  stress 
acting  over  a  region  called  the  plastic 
zone.  Beyond  this  zone  the  elastic  stress 
distribution  remains  undisturbed.  Irwin 

[7]  calculated  the  size  (diameter)  of  the 
plastic  deformation  zone  by  considering  an 
infinite  plate  containing  a  single  crack 
under  the  action  of  tensile  in-plane  load¬ 
ing  perpendicular  to  the  crack.  The 


diameter  of  the  plastic  (deformation)  zone 
was  thus  shown  to  be 

=  ® 

Based  on  equations  2  and  1,  the  "corrected" 
critical  strain  energy  release  rate  could 
then  be  written  as 

Gic=T^ay2rp(l-v2)/E.  (3) 

Irwin  showed  that  the  plane-strain 
elastic  constraint  will  increase  the 
tensile  yield  stress  for  plastic  yielding 
and  thus  affect  the  size  of  the  plastic 
zone.  Such  an  increase  in  the  yield 
strength  was  estimated  to  be  by  a  factor  of 

~(3)^^  [7].  The  critical  radius  of  crack 
tip  deformation  zone  can,  therefore,  be 
written  as 

2ry^  =  (l/7t)(Kj(./V3  0y)2  (4) 

for  plane-strain  conditions.  Substitution 
into  equation  1  results  in 

Gj(.=  6jtay2ry^a-v2)/E.  (5) 

For  an  elastic  cracked  structure  sub¬ 
jected  to  some  mode  I  load  (Pj),  the  rate 

of  strain  energy  release  (Gj)  has  been  re¬ 
lated  to  the  material  and  geometrical  pro¬ 
perties  and  applied  load  [8]  with  the  equa¬ 
tion 

Gj  =  (Pj2/2b)Oc/aa)  (6) 

where  b  =  material  thickness  in  the 
vicinity  of  crack;  3c/3a  =  change  in  com¬ 
pliance  (c)  with  crack  length  (a). 

The  load  level  at  which  spontaneous 
crack  growth  occurs  is  called  the  critical 
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load  (P^)  and  the  corresponding  energy  re¬ 
lease  rate  is  called  the  fracture  energy 
(G^).  In  order  to  utilize  equation  6  one 

needs  to  determine  the  variation  of  com¬ 
pliance  (ratio  of  displacement  to  the 
applied  load)  for  different  crack  lengths 
of  a  given  specimen  geometry. 

Determination  of  Fracture  Energy  in  Bonded 
and  Bulk  Samples 

A.  Bonded  Samples 

There  are  three  basic  specimen 
geometries  for  mixed  mode  testing  of 
adhesives  in  the  bonded  form.  They  are 
cracked  lap-shear  [9],  scarf  joint  [10]  and 
the  Independently  Loaded  Mixed  Mode 
Specimen  (ILMMS)  geometries.  Among 
these,  the  only  specimen  geometry  which 
allows  independent  measurement  of  Pj  and 

PlI  (and  consequently  Gj  and  Gjj)  is  the 

ILMMS.  The  other  two  require  finite 
element  analysis  to  calculate  Gj  and  Gjj 

values  from  a  load  applied  in  only  one 
direction.  In  order  to  avoid  any  in¬ 
accuracies  which  may  be  involved  in  the 
calculation  of  Gj  and  Gjj  values  with  the 

use  of  a  finite  element  program  and  due  to 
its  practicality  in  load  measurement,  the 
ILMMS  geometry  is  used  during  the  current 
investigation.  In  order  to  test  different 
Pj  to  PlI  ratios,  a  hydraulic  actuator 

force  is  applied  statically  in  mode  II  and 
the  specimen  is  loaded  monotonically  in 
mode  I  vmtil  failure.  Subsequently,  the 
static  force  is  applied  in  mode  I  while  the 
specimen  is  loaded  monotonically  in  mode  II 
until  failure. 

Examination  of  the  literature  and  our 
experience  show  that  the  strain  energy 
values  are  affected  by  the  thickness  of  the 
adherend  and  the  bondline.  For  this  reason 
it  is  necessary  first  to  determine  ex¬ 


perimentally,  the  adhesive  and  adherend 
thickness  values  that  result  in  plane 
strain  conditions.  The  following  methods 
are  used  for  this  purpose: 

As  mentioned  earlier,  Bascom  [3]  re¬ 
ports  that  the  maximum  fracture  energy  for 
an  adhesive  in  the  bonded  form  is  obtained 
when  the  bond  thickness  is  approximately 
equal  to  the  plastic  zone  diameter 

His  investigations  also  reveal  that  this 
maxium  Gj^  value  is  equal  to  that  obtained 

with  the  bulk  form  of  the  adhesive. 

Limited  information  is  available  in 
the  literature  regarding  the  effects  of 
adherend  thickness  (b)  (or  crack  front 
length)  on  Gj^.  It  is  known  that  the 

stress  condition  at  the  crack  tip  of  an 
adhesive  bond  varies  from  one  of  plane 
stress  for  short  crack  fronts  (thin  bonds) 
and  at  the  edges  of  thicker  bonds  to  one  of 
plane  strain  near  the  center  of  thick 
bonds.  We  believe  that  the  increased  con¬ 
straint  present  in  plane  strain  conditions 
results  in  a  smaller  zone  of  plastic  de¬ 
formation.  This  indicates  that  as  the 
adherend  thickness  increases,  thereby  in¬ 
creasing  constraint  on  material  deforma¬ 
tion,  then  the  fracture  energy  will  de¬ 
crease. 

The  advantage  in  using  the  IT  .MM 
specimens  is  the  option  of  not  having  to 
calculate  Gj  or  Gjj  values  in  order  to  de¬ 
termine  the  fracture  criterion.  The 
availability  of  separate  Pj  and  Pjj  values 

is  sufficient  to  obtain  such  criterion. 
However,  calculation  of  Gj  and  Gjj  values 

is  helpful  in  accounting  for  geometrical 
effects  (when  different  geometries  are 
used)  and  for  comparison  purposes. 

Our  experiments  showed  that  Pjj^  is  a 

(linear)  function  of  the  bond  length  (L) 
and  therefore  necessary  terms  must  be  in¬ 
cluded  in  any  Gjj^  relation  to  render  this 

material  constant  independent  of 


123 


geometrical  effects.  For  this  purpose  the 
following  simplified  approach  is  used:  If 
we  assume  that  the  axial  load  varies 
linearly  along  the  overlap  direction  [11] 
then  the  total  elastic  energy  (Wj)  stored 

in  the  adhesive  and  the  adherends  can  be 
written  as 

Lhb 

w^=  J  J  J  (Pjj2/EhV)  a-  y/L)^  dxdydz 

ooo 

+  nbL(T^^g2/G^)  (7) 

where  =  elastic  shear  modulus  for  the 
adhesive,  n  =  adhesive  thickness,  and 

avg 

=  Pjj/Lb  =  average  shear  stress  in  the 

adhesive  layer.  Solution  of  equation  7 
with  the  assumption 

Gjj  =  Wrp/2Lb  (8) 

yields 

Gii  =  (p2jj/2b2)(V3hE  +  .  (9) 

Note  that  equation  9  accommodates  the 
linear  increase  of  Pjj  with  L. 

A  widely  accepted  relation  for  Gj  in 

(bonded)  double  cantilever  beam  specimens 
is 

Gjg  =  4P^ .  (10) 

Experimentation  shows  that  in  addition  to 
bending  and  shear  deflections,  there  exists 
additional  deflection  due  to  rotation  at 
the  assumed  "built  in"  end  of  the  beam.  It 
is  assumed  that  this  rotation  can  be 
treated  as  an  increase  in  crack  length  and 
hence  it  is  accounted  for  with  the  use  of 
the  empirical  rotation  factor  a^  in  equa¬ 
tion  10.  The  value  of  a^,  however,  must  be 


determined  experimentally  when  the 
geometrical  parameters  are  varied.  This  is 
accomplished  by  means  of  experimental  com¬ 
pliance  calibration. 

B.  Bulk  Samples 

For  the  single-edge-crack  geometry 
used  for  bulk  samples  Gross  et  al.  [12] 
applied  a  boundary  collocation  procedure  to 
the  WUliam’s  stress  function  to  determine 
the  elastic  stress  distribution  at  the  tip 
of  an  edge  crack  in  a  finite-width  specimen 
subjected  to  uniform  tensile  loading.  The 
K-calibration  for  the  single-edge-crack 
geometry  is  given  by 

Kj^bw/P^a^^  =  1.99  -  0.41(a/w)  + 

18.7(a/w)^  -  38.48(a/w)^  +  53.85(a/w)'^ 

(11) 

where  w  is  the  specimen  width.  Examination 
of  literature  [6]  reveals  that  in 
single-edge-crack  samples  plane  strain  con¬ 
dition  is  ensured  when  the  minimum  values 
for  specimen  thickness  (b)  and  crack  length 
(a)  are  given  by: 

a,b>2.5(KjG/Oy)^.  (12) 

Determination  of  Failure  Criterion 

With  the  application  of  the  famous  en¬ 
ergy  balance  criterion  we  get: 

Kj^  -I-  K^jj  =  constant  (13) 

where  the  locus  of  failure  is  a  quarter 
circle.  However,  previous  experimentation 
by  other  researchers  (primarily  on  metals) 
showed  that  an  elliptical  condition  is  more 
realistic  i.e. 

^ ^ II^IIC^^^^  • 
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A  second  criterion  that  must  be  con¬ 
sidered  involves  the  possibility  of  failure 
in  mode  I  under  the  action  of  a  principal 
stress  even  though  a  biaxial  state  of 
stress  is  applied  globally.  It  should  be 
noted  that  the  mode  I  in  such  cases  wiU  be 
at  an  angle  to  the  applied  Pj  load,  with 

this  angle  being  determined  by  the  applied 
?!  to  Pjj  ratio.  Obviously  such  an  in¬ 
clined  crack  wiU  have  to  connect  with 
similar  ones  or  simply  continue  propagating 
in  the  %  direction  (possibly  close  to  or 

at  the  interface)  to  result  in  catastrophic 
faUure.  The  likelihood  of  this  type  of 
faUure  is  high  especially  for  brittle 
adhesives. 

We  propose  the  following  simplified 
approach  to  describe  this  type  of  failure: 
If  one  takes  a  biaxial  stress  element  well 
ahead  of  the  crack  tip  where  the  stresses 
are  defined  and  uniform,  then  the  elementa¬ 
ry  theory  defines  the  principal  stress  as: 

(a/2)  +  [(a^/4)-t-T^]  =  constant  (15) 

Assuming  that  loads  and  stresses  are 
linearly  related,  substitution  into  equa¬ 
tion  15  yields: 

CAPj  +  B^Pjj^  =  ,  (16) 

Note  that  equation  16  describes  a  parabolic 
failure  condition  while  equation  14  de¬ 
scribed  an  elliptical  one.  Obviously  equa¬ 
tion  16  should  contain  at  least  an 
2 

additional  Pj  term  resulting  from  the  con¬ 
tribution  of  shear  loading  to  the  opening 
direction.  However,  this  contribution  is 
neglected,  as  it  is  assumed  to  be  small. 

It  should  also  be  noted  that  equation 
16  can  be  rewritten  interms  of  the  stress 
intensity  factors  as: 

(Kj/Kj(.)  -t  (Kji/Kjj(.)2  =  1  (17) 


EXPERIMENTAL  PROCEDURES 

Details  on  sample  preparation  and 
testing  of  bulk  specimens  should  be  ob¬ 
tained  from  reference  [13]. 

Bonded  Samples 

The  original  dimensions  and  geometry 
proposed  by  Ripling  and  Mostovoy  were 
altered  substantially  on  the  basis  of  our 
experimental  stress  analysis  through  the 
use  of  reflection  and  transmission 
photoelasticity  in  order  to  minimize  any 
interference  between  the  two  modes  (i.e., 
cleavage  loads  resulting  from  shear  loads, 
etc.)  and  to  reduce  the  effects  of  stress 
discontinuities.  This  new  geometry  allows 
the  use  of  a  small  hydraulic  actuator  in¬ 
side  the  specimen.  The  geometries  de¬ 
veloped  are  shown  in  Figures  2  and  3. 
Since  the  width  of  the  actuator  used  is 
larger  than  its  height,  it  was  necessary  to 
develop  two  different  specimen  geometries 
with  geometry  A  (Figure  2)  being  used  for 
static  loading  in  mode  II  and  geometry  B 
used  for  static  loading  in  mode  I. 
Examination  of  Figures  2  and  3  reveals  the 
presence  of  frictional  resistance  affecting 
the  loads  applied  orthogonal  to  the  static 
loads.  These  frictional  loads  were 
measured  experimentally  and  subtracted  from 
the  applied  (monotonic)  loads.  Even  though 
the  frictional  resistance  existed  only  in 
the  sliding  mode  during  all  our  ex¬ 
periments,  the  validity  of  the  subtraction 
procedure  based  on  static  equilibrium  was 
checked  with  the  use  of  rolling  friction. 
For  this  purpose  steel  pins  were  placed  in 
between  the  actuator  face  and  the 
specimen.  In  both  sliding  and  rolling 
friction  cases  the  same  Gj  to  Gjj  ratios 

were  obtained. 

Bonding  of  steel  samples  was  done  on 
the  basis  of  the  procedure  supplied  by  the 
Narmco  Corporation. 
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RESULTS  AND  DISCUSSIONS 


A.  Bulk  Samples 

As  mentioned  earlier,  information  on 
the  size  of  the  crack  tip  plastic  zone 
radius  makes  it  possible  to  relate  the  bulk 
properties  to  fracture  properties  in  the 
form  of  fracture  toughness  and  fracture  en¬ 
ergy.  Such  a  relation  is  possible  on  the 
basis  of  "small  scale"  yielding  assumption 
[10]  and  equations  5  and  1.  Figures  4  and 
5  show  the  effects  of  cure  conditions  on 
the  plastic  zone  radius  of  Metlbond  1113 
and  1113-2,  respectively.  Examination  of 
these  figures  reveals  that  r  values  cor- 

responding  to  optimum  Kj^’s  for  the  fast  or 

slow  cool-down  conditions  are  relatively 
constant.  Therefore,  it  seems  possible 
that  one  can  use  some  average  r  _  values 

(based  on  optimum  Kj^^’s)  to  represent  the 

typical  plastic  zone  radii  sizes  for  either 
material  subjected  to  the  fast  or  slow 
cool-down  conditions.  Using  this  concept, 
it  can  be  seen  in  Figure  5  that  the  average 
plastic  zone  radius  for  Metlbond  1113-2 
with  the  slow  cool-down  condition  is  higher 
than  that  for  the  fast  cool-down  condi¬ 
tion.  As  expected,  this  implies  that  the 
slow  cool-down  condition  results  in  tougher 
adhesive  matrix  material  as  the 
availability  of  a  larger  plastic  zone  size 
at  the  crack  tip  enables  relieving  of  high¬ 
er  stress  levels  at  that  location  thus  re¬ 
sulting  in  higher  crack  growth  resistance. 
It  is  not  possible  to  offer  a  similar 
argument  for  the  adhesive  with  the  carrier 
cloth  as  the  values  obtained  with  slow  and 
fast  cool-down  conditions  are  about  the 
same  (Fig.  4).  This  result,  however,  is 
also  expected  since  it  is  already  known 
that  the  effect  of  cool-down  conditions  on 
Metlbond  1113  fracture  toughness  is  minimal 
as  attributed  to  the  presence  of  the  carri¬ 
er  cloth  [13]. 


The  availability  of  these  r^^  values 

along  with  previously  measured  and  E 

data  made  the  calculations  of  values 

possible  based  on  equation  5.  These 
calculated  values  could  also  be  compared 
with  the  ^IC  values  which  were  obtained  on 

the  basis  of  measured  Kj^-,  values  and  equa¬ 
tion  1.  In  calculating  fracture  energies 
the  value  of  Poisson’s  ratio  (v)  was 
assumed  to  be  the  constant  value  of  0.374 
for  both  materials  [2].  Figures  6  and  7 
show  the  effects  of  cure  conditions  on  the 
fracture  energy  of  Metlbond  1113-2  and 
1113,  respectively.  Comparison  of  Figures 
6  and  7  confirms  that:  i)  With  the  fast 
cool-down  condition  Metlbond  1113  yields 
higher  Gj^-.  values  than  Metlbond  1 113-2;  ii) 

With  the  slow  cool-down  condition  the 
optimum  Gj^^  values  are  significantly  higher 

using  Metlbond  1113-2  as  compared  with 
Metlbond  1113;  iii)  Cure  temperature  and 
time  do  not  seem  to  have  a  significant 
effect  on  fracture  energy  for  either 
material. 

B.  Bonded  Samples 

Experimental  results  indicate  that  for 
the  adhesive  without  the  carrier  cloth  the 
Gj(^  values  are  maximum  when  ihe  adherend 

thickness  (b)  is  equal  to  6.35  mm.  A  plane 
strain  condition  is  attained  when  b  =  1.27 
cm  (Figure  8).  For  the  adhesive  with  the 
carrier  cloth  (1113)  the  value  is 

maximum  when  b  =  3.18  mm  and  the  plane 
strain  condition  is  attained  when  b  =  9.53 
mm  (Figure  9).  For  both  adhesives  b  =  1.27 
cm  is  used  for  plane  strain  condition.  It 
should  be  noted  that  the  maximum  Gj^  values 

obtained  with  1113-2  and  1113  adhesives  are 
close  to  the  Gj^-,  values  previously  measured 

by  us  [13]  using  bulk  edge-cracked  compact 
tension  specimens  and  the  values  measured 
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by  O  ’Conner  [14]  using  bonded  Tapered  Dou¬ 
ble  Cantilever  Beam  (TDCB)  specimens. 

As  mentioned  earlier,  Bascom  [3]  re¬ 
ports  that  the  Gj^  values  in  the  bonded 

form  are  maximum  and  equal  to  bulk  Gj^ 

values  when  the  bond  thicknesses  (n)  are 
equal  to  2r  .  Our  experimental  results 

showed  further  confirmation  of  this  asser¬ 
tion.  For  1113-2  samples  with  b  =  6.35  mm 
and  b  =  1.27  cm  adherend  thicknesses,  ^IC 

is  maximized  and  remains  constant  when  the 
plane  strain  condition  is  attained  slightly 
above  n  =  0.508  mm  value  (Figures  10,11). 
The  adhesive  thickness  corresponding  to  the 
onset  of  plane  strain  condition  is  close  to 
the  2ry^  value  calculated  by  us  based  on 

our  previous  bulk  fracture  tests  [13] 
(Figure  5).  For  the  adhesive  with  the 
carrier  cloth  the  plane  strain  condition  is 
achieved  slightly  above  n  =  0.254  mm.  This 
value  is  very  close  to  our  previously 
calculated  2r„-  value  for  the  1113  adhesive 

[13]  (Figure  4).  These  results  also  reveal 
the  stabilizing  effect  of  the  carrier  cloth 
on  Gjj^  values. 

In  order  to  be  able  to  use  equation  10 
in  determining  Gj^  values,  it  is  necessary 

to  evaluate  first  the  rotation  factor  a^ 

experimentally.  This  is  done  by  means  of 
compliance  calibration:  The  specimen  com¬ 
pliance  (c)  is  defined  as 

c  =  a/P  (18) 

where  3  =  crack  opening  displacement  and  P 
=  applied  opening  load.  Apparently,  if  5 
vs.  P  values  are  determined  for  different 
crack  lengths  then  the  compliance  equation 

C  =  (2/3EI)[(a+aQ)3  +  h^a]  (19) 

can  be  fitted  to  this  data  by  using  the 
appropriate  a^  value.  Figure  12  shows  such 


compliance  calibration  curves  for  different 
adherend  thicknesses  of  specimen  geometry  A 
bonded  with  0.635  mm  thickMetlbond  1 113-2 
adhesive.  Obviously,  for  geometry  A  with 
6.35  mm  <b  <  12.7  mm,  the  correction 
factor  a^  is  (0.7)h  where  h  is  the  beam 

height.  Other  rotation  factor  (a^)  values 

were  obtained  by  means  of  compliance 
calibration  for  different  adherend 
thicknesses,  adhesive  thicknesses,  specimen 
geometries  (A  or  B)  and  adhesive  types 
(with  or  without  carrier  cloth)  as  shown 
below: 

1)  For  the  adhesive  without  the  carrier 
cloth  (1113-2): 

1)  For  geometry  A  with  6.35  mm  <  b  <  12.7 
mm  (adherend  thickness)  and  0.178  mm  <  n  < 
0.635  mm  (adhesive  thickness):  a^  = 

(0.7)h. 

ii)  Same  as  in  1-i  except  n  =  1.27  mm:  a^  = 
(0.85)h. 

iii)  For  geometry  B  with  6.35  mm  <  b  <  12.7 
mm  with  n  =  0.635  mm:  a^  =  (0.6)h. 

2)  For  the  adhesive  with  the  carrier  cloth 
(1113): 

i)  For  geometry  A  with  b  =  6.35  mm  and 
n  =  0.63  mm:  ajj(0.6)h. 

ii)  Same  as  in  2-i  except  b  =  12.7  mm- 

ao  =  (0.8)h. 

iii)  For  geometry  B  with  b  =  12.7  mm  and 
n  =  0.635  mm:  aQ  =  (0.8)h. 

It  should  be  noted  that  some  of  the  a^ 

values  reported  above  may  be  in  error  by  as 
much  as  25%  due  to  experimental 
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difficulties  and  functional  dependence  of 
a^  on  crack  length. 

Another  geometrical  consideration  in 
fracture  energy  calculations  involves  the 
effect  of  bondline  length  on  Gjj  values. 

Our  experiments  with  double  cantilever 
beams  revealed  that  the  mode  II  breaking 
force  (Pjj(3)  increases  with  increasing  bond 

length.  This  behavior  was  observed  with 
two  different  beam  thicknesses  (b  =  6.35  mm 
and  12.7  mm)  and  appeared  to  be  a  linear 
function  between  the  and  the  bond 

length  (L)  (Figure  13). 

Failure  criteria  data  and  curves  show¬ 
ing  Pj  vs  Pjj  for  1113-2  and  1113  adhesives 

are  depicted  in  Figures  14  thru  16. 
Results  obtained  using  geometry  A  (monoton¬ 
ic  in  opening,  static  in  shear)  and  B 
(monotonic  in  shear  and  static  in  opening) 
are  combined  in  these  figures.  Since  the 
two  geometries  have  different  crack  lengths 
( 5.08  cm  for  geometry  A  and  15.24  cm  for 
geometry  B),  opening  mode  loads  for  geomet¬ 
ry  B  were  normalized  with  respect  to  those 
obtained  with  geometry  A.  This  was  done 
with  the  application  of  the  Gj  relation 

(equation  10).  The  data  shown  in  Figures 
14  and  15  were  obtained  with  the  adhesive 
without  the  carrier  cloth  using  specimens 
with  6.35  mm  and  12.7  mm  thick  adherends 
respectively.  The  data  for  the  adhesive 
with  the  carrier  cloth  is  shown  in  Figure 
16  for  the  adherend  thickness  of  12.7  mm. 
Included  in  these  figures  are  also  correla¬ 
tion  coefficients  to  indicate  the  goodness 
of  fit  for  elliptical  (equation  14)  and 
parabolic  (equation  16)  functions  based  on 
energy  balance  and  principal  stress 
criteria  respectively. 

Examination  of  Figures  14  thru  16  re¬ 
veal  two  important  points  common  to  all  of 
them; 

1)  The  presence  of  viscoelastic 
effects  are  observed  in  the  application  of 
the  static  load.  In  other  words  relaxation 


processes  take  place  prior  to  failure. 
These  effects  are  especially  severe  when 
the  static  load  is  applied  in  mode  I.  The 
presence  of  delayed  failure  in  mode  I  at 
high  loads  is  an  indication  of  this 
behavior.  It  is  therefore  assumed  that 
some  relaxation  takes  place  at  the  crack 
tip,  rendering  the  actual  static  loads 
somewhat  less  than  shown.  This  is  why  the 
data  obtained  using  geometry  B  lays  above 
those  obtained  using  geometry  A  when  the 
PlI  values  are  the  same  in  magnitude  (note 

that  their  mode  of  application  is 
different).  The  use  of  data  from  both 
geometries  A  and  B  in  determining  the 
failure  criteria  is  thought  to  have  some 
averaging  effect  on  this  behavior. 

2)  The  parabolic  (principal  stress) 
criterion  defined  by  equation  16  con¬ 
sistently  provides  better  fit  to  the  ex¬ 
perimental  data  in  comparison  to  the 
elliptical  criterion  given  by  equation  14. 

The  Gj  vs.  Gjj  behavior  for  the 

Metlbond  1113-2  adhesives  is  shown  in 
Figure  17. 

B.  ADHESIVE  BEHAVIOR  UNDER 
CYCLIC  LOADING 

This  phase  of  the  investigation  is 
concerned  with  the  mixed  mode  fracture 
behavior  of  the  same  model  adhesive  under 
combined  dynamic  (cyclic)  and  static 
loads.  The  cyclic  load  fluctuates 
sinusoidally  in  time.  The  objectives  of 
the  study  include  obtaining  the  governing 
crack  growth  model  for  the  Metlbond 
adhesive  under  cyclic  opening  and  static 
shear  loads  using  Independently  Loaded 
Mixed  Mode  (ILMM)  specimen  geometry 
(Figure  2).  The  thresholds  for  stable  and 
catastrophic  crack  propagations  are  de¬ 
termined  and  compared  with  the  failure  con¬ 
ditions  of  monotonicaUy  loaded  fracture 
specimens. 
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ANALYTICAL  CONSIDERATIONS 

The  general  form  of  energy  conserva¬ 
tion  principle  can  be  expressed  as 

dF/da  =  d(U  +  W  +  D)/da  (20) 

where  a  is  the  crack  length  per  unit  crack 
width,  F  is  the  work  done  by  external 
forces,  U  is  the  elastic  strain  energy,  W 
is  the  energy  needed  to  create  the  fracture 
surfaces,  and  D  is  the  energy  dissipated 
through  heat  generation,  sound  etc. 

In  a  cyclic  test,  the  inherent 
viscoelastic  nature  of  the  model  adhesive 
becomes  more  effective  on  its  fracture 
behavior  due  to  the  long  duration  of  load 
application.  During  a  lengthy  cyclic  test, 
heat  dissipation  due  to  the  viscoelastic 
nature  of  the  adhesive  and  creep  deforma¬ 
tion  caused  by  the  mean  level  of  the 
sinusoidally  fluctuating  load  become  non- 
negligible  factors.  Consequently,  the  D 
tenn  of  equation  20  representing  the 
irreversible  work  output  is  no  longer 
negligible,  unlike  a  fast  fracture  ex¬ 
periment  performed  under  monotonic  load¬ 
ing.  Also,  due  to  the  viscoelastic  effects 
cited,  formation  of  micro  cracks,  voids 
(pores)  and  stretched  fibrils  is 
facilitated.  Therefore,  void  coalescence 
and  fibril  rupture  becomes  more  likely  at 
lower  loads  in  comparison  to  the  fracture 
testing  of  the  adhesive  under  fast  monoton¬ 
ic  loading. 

In  cyclic  load  dominated  mixed  mode 
fracture  tests,  Kj  and  Kjj  values  increase 

as  the  crack  propagates  in  a  stable 
fashion.  Consequently,  the  maximum 
principal  stress  failure  theory  (equation 
17)  is  expected  to  be  valid  at  the  onset  of 
catastrophic  crack  propagation  when  Kj  and 

approach  Kj^  and  values  re¬ 

spectively.  However,  it  should  also  be 
noted  that  the  use  of  Kjj  and  Kjj^  values 

obtained  from  monotonic  experiments  in 


equation  17  is  not  expected  to  give 
accurate  prediction  of  failure  in  a  cyclic 
experiment.  This  is  because  both  material 
properties  and  crack  tip  geometries  may 
change  due  to  the  heat  generation  and 
plastic  deformation  processes  described 
earlier.  Furthermore,  the  crazing, 
microcracking  and  cavitation  mechanisms 
which  occur  during  plastic  deformation  of 
the  material  are  thought  to  be  more 
effective  as  the  stress  amplitude  and  its 
duration  of  application  are  increased. 
These  mechanisms  are  believed  to  lower  the 
fatigue  resistance  of  the  material. 
Therefore,  catastrophic  crack  propagations 
proceeding  from  stable  crack  growth  are  ex¬ 
pected  to  be  much  more  random  in  comparison 
to  the  catastrophic  crack  propagations  in¬ 
duced  by  monotonic  loading  of  a  starter 
crack. 

The  energy  balance  failure  criterion 
is  also  not  expected  to  be  accurate  in  the 
form  it  was  applied  for  the  monotonic  case 
due  to  the  existence  of  the  "D"  term  in 
equation  20. 

Because  of  the  reasons  mentioned 
above,  empirical  formulas  are  usually 
adopted  to  fit  the  data  obtained  in  cyclic 
dominant  fracture  tests  and  used  as  the 
governing  model  for  crack  propagation  pre¬ 
diction. 

In  the  cyclic  load  dominant  fracture 
tests,  although  the  loading  level  is  re¬ 
latively  low  compared  to  the  loading  level 
applied  for  catastrophic  crack  propagation 
in  monotonic  load  dominant  fracture, 
stresses  around  crack  tip  are  stiU  beyond 
the  yield  stress  of  adhesive  in  the  whole 
cycle  or  in  the  part  of  cycle  because  of 
the  singularity,  so  that  crack  propagation 
can  still  occur.  Intuitively,  it  is  easy 
to  understand  that  the  crack  growth  rate 
depends  on  and  Pjj  since  it  is 

induced  by  displacements  (i.e.  C.O.D). 

Therefore,  in  terms  of  elastic  energies, 
the  crack  growth  rate  should  depend  on  the 
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parameters  such  as;  strain  energy  release 
rate  range  AG  =  G^j^^  -  total  strain 

energy  release  rate  crack  length  a, 

material  properties,  specimen  geometry  as 
well  as  environmental  effects  such  as 
temperature  T,  etc.. 

Among  these  parameters,  the  strain  en¬ 
ergy  release  rate  range  AG  due  to  the 
dynamic  part  of  the  loading  plays  the  most 
important  role  in  fatigue  crack  propaga¬ 
tion,  again,  because  it  is  proportional  to 
the  C.O.D. 

Typically,  for  mode  I  loading,  when  we 
plot  fatigue  cfack  growth  rate  (da/dN)  vs. 
strain  energy  release  rate  range  AG  on 
log-log  paper,  we  obtain  a  multimodal  curve 
with  three  different  crack  growth  rate  re¬ 
gions.  The  first  region  is  identified  by  a 
threshold  strain  energy  release  rate  range 
for  non-propagation  cracks.  The  second  re¬ 
gion  is  expected  to  be  governed  by  a  power 
law  relationship  between  crack  growth  rate 
and  strain  energy  release  rate.  The  third 
region  begins  with  the  threshold  for 
catastrophic  crack  propagation. 

In  this  study,  the  threshold  at  which 
the  crack  starts  growing  is  called  the 
onset  threshold.  The  threshold  where  the 
catastrophic  failure  occurs  is  called  the 
catastrophic  threshold. 

For  adhesively  bonded  joints,  a  widely 
used  crack  growth  model  for  the  second  re¬ 
gion  described  above  is  given  by: 

da/dN  =  c(£G)”.  (21) 

This  relation,  however,  does  not  include 
any  Gjj  term,  and  hence,  is  not  expected  to 

correlate  mixed-mode  crack  propagation  data 
efficiently  even  though  the  terms  "c"  and 
"n"  can  be  expressed  as  functions  of  Gjj. 

A  more  efficient  way  to  describe 
mixed-mode  crack  propagation  data  is  to 
make  (da/dN)  an  explicit  function  of 

and  AG  as  given  by  [8] 


da/dN  =  cG,f?^3^(AG)"  (22) 

Note  that  the  environmental  effects 
are  neglected  in  both  equations  21  and  22. 

As  mentioned  earlier,  when  a  cracked 
component  is  loaded,  a  plastic  deformation 
zone  develops  around  the  crack  tip.  Wnen 
the  crack  is  unloaded,  the  plastically  de¬ 
formed  part  keeps  its  size  but  the 
elastically  deformed  part  tends  to  resume 
to  its  original  size  and  position,  so  that 
a  compressive  stress  is  exerted  on  the 
plastic  zone.  From  stretch  to  compression 
there  must  be  a  load  level  at  which  the 
stress  on  the  plastic  zone  is  zero.  This 
load  level  is  called  the  crack  closure  load 
(P„„)  level.  In  the  load  range  of  0  to 

P-„,  no  crack  propagation  is  expected  since 
00 

the  crack  is  kept  closed. 

Based  on  the  mechanism  of  crack 

closure  explained  above,  it  follows  that 

when  the  cyclic  load  is  applied  in  the 

range  of  0  -  P_„,  crack  tip  will  not  open 
00 

and  crack  propagation  wiU  not  occur.  This 
verifies  the  existence  of  threshold  in  the 
first  region  theoretically.  However,  due 
to  global  geometrical  effects  threshold 
value  in  practice  is  usually  higher  than 
the  one  calculated  according  to  the 
mechanism  of  crack  closure. 

EXPERIMENTAL  CONSIDERATIONS 

Fatigue  Testing  All  the  cyclic  load 
dominant  mixed-mode  fracture  tests  were 
performed  on  an  Instron  1331  servo-hydraul¬ 
ic  testing  machine.  The  static  shear  load 
was  applied  in  mode  II  direction  through  a 
piston,  and  the  cyclic  load  was  applied  in 
mode  I  direction  using  sine  wave  load  con¬ 
trol  with  10  Hz  frequency  and  a  load  ratio 
withR  =  (Pinax/Pmin)=10- 

Each  level  of  the  static  shear  load 
was  coupled  by  a  number  of  cyclic  opening 
loads  in  mode  I  direction.  Five  static 
load  levels  (0-17800  N)  were  applied  in  the 
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mode  II  direction.  For  each  static  load 
level,  the  onset  threshold  strain  energy 
release  rate  range  value  was  de¬ 

termined  first.  In  the  present  work,  the 
value  was  defined  in  such  a  way  that 

the  specimen  should  fail  in  one  million 
cycles  under  the  lowest 

the  specimen  did  not  fail  in  one  million 
cycles,  the  increased  by 

4450  N  at  a  time  until  the  onset  threshold 
was  reached.  After  the  onset  threshold  was 
found,  the  was  increased  by  4450  N  at 

a  time  until  the  specimen  faded  in  a  very 
short  time.  This  procedure  was  repeated 
for  five  different  static  load  levels  for 
both  Metlbond  1113-2  and  Metlbond  1113 
adhesives. 

The  Dynamic  Measurement  of 
Rolling  Friction  Force  It  was  found 
that  if  a  piston  was  directly  inserted  in 
the  specimen  to  apply  the  static  shear  load 
as  was  in  the  case  of  montonic  load 
dominant  fracture,  the  fatigue  life  of  the 
specimen  did  not  correspond  to  the  applied 
cyclic  opening  load  even  when  the  sliding 
friction  force  was  deleted  from  the  cyclic 
opening  load.  This  is  because  the  direct 
contact  between  the  piston  and  the  specimen 
surfaces  increased  the  stiffness  of  the 
system  considerably.  To  overcome  this 
difficulty,  a  pin  was  placed  to  roll  on  two 
blades  with  lubricant  Teflon  to  reduce  the 
rolling  friction  force  between  the  surfaces 
of  the  piston  and  the  specimen. 

The  procedure  for  measuring  the  roll¬ 
ing  friction  force  can  be  described  as 
follows:  (1)  For  no  shear  load,  apply  a 
certain  level  of  cyclic  load  and  re¬ 

cord  the  corresponding  C.O.D  amplitude.  (2) 
After  applying  a  certain  level  of  static 
shear  load  Pjj,  the  amplitude  of  C.O.D  de¬ 
creased  due  to  the  increase  of  rolling 
friction  force.  (3)  Increase  the  cyclic 


opening  load  to  amplitude 

of  C.O.D  returns  to  its  original  level.  (4) 
The  rolling  friction  force  can  now  be 

calculated  as 


The  Measurement  of  Crack  Oosure  Load  By 
C.O.D.  Method  In  the  present  study,  a 
simple  C.O.D  method  based  on  the  hysteresis 
curve  of  Pj  vs.  C.O.D  was  used  to  measure 

the  crack  closure  load. 

The  measured  results  revealed  that  the 
crack  closure  load  is  relatively  small  com¬ 
pared  to  the  Pj  applied.  This  is 

attributed  to  the  plane  strain  conditions 
of  the  specimen  resulting  in  small  plastic 
deformation  zone  and  also  to  the  absence  of 
the  necessary  adhesive  ductility  to  result 
in  large  closure  loads. 

RESULTS  AND  DISCUSSION 

The  Saw  Teeth  Phenomenon  on  the  Fracture 
Surface  In  the  cyclic  load  dominant 
mixed  mode  fracture  tests,  the  main  crack 
in  the  adhesive  bond  was  found  to  usually 
propagate  near  an  adhesive/adherend  in¬ 
terface.  It  was  also  found  that  many  small 
cracks  branched  from  the  main  crack  and 
approached  to  the  same  interface  with 
similar  angles,  resulting  in  the  "saw 
teeth"  appearance  of  the  fracture 
surfaces.  One  hypothetical  explanation  of 
the  saw  tooth  phenomenon  is  offered  below: 

An  investigation  by  Wang  (15)  shows 
that  the  stress  field  very  close  to  the 
crack  tip  in  the  Double  Cantilever  Beam 
(D.C.B)  type  adhesively  bonded  speciments 
is  similar  to  that  in  monolithic 
specimens.  So,  with  the  understanding  that 
the  analysis  is  not  very  accurate  due  to 
the  constraint  imposed  by  the  rigid 
adherends,  the  results  obtained  for  mon¬ 
olithic  specimens  are  introduced  here.  If 
a  monolithic  plate  containing  a  central 
crack  is  loaded  in  combined  mode  I  and  mode 
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II,  the  relation  between  the  angle  0m  cor¬ 
responding  to  the  maximum  principal  stress 
direction  and  the  ratio  of  the  stress  in¬ 
tensity  factors  Kj  and  Kjj  in  modes  I  and 

II  can  be  plotted  as  shown  in  Figure  18a 
(8).  It  should  be  noted  that  the  0m  = 

-70.53°  value  calculated  theoretically  for 
the  condition  Kj  =  0  varies  by  26%  from  the 

0m  =  -56°  value  determined  experimentally 
using  monolithic  plates.  Shown  in  Figure 
18a  are  also  our  experimental  data  for 
mixed  mode  fracture  (solid  points  1  through 

7)  which  reveal  a  variation  from  0°  to  -37° 
in  the  direction  of  crack  propagation  as 
the  magnitude  of  PlI  (%)  is  increased. 

Note  that  what  is  shown  in  Figure  18a  is 
only  theoretical  prediction  based  on  mon¬ 
olithic  plate  theory,  but  it  has  been  con¬ 
firmed  qualitatively  by  visual  observations 
on  post  fracture  surfaces  of  bonded 
samples.  As  shown  in  Figure  18b,  for 
bonded  specimens  under  mixed  mode  loading, 
the  crack  should  start  propagating  at  an 
angle  0^  approximately  equal  to  what  is 

predicted  in  Figure  18a.  The  crack  branch 
1-2  shown  is  created  in  this  fashion.  But 
as  soon  as  the  crack  gets  to  the  inteface 
at  point  2,  it  has  to  change  the  propaga¬ 
tion  direction  due  to  the  constraint  of  the 
adherend.  Now,  we  assume  that  point  3  is 
weaker  compared  to  point  2  due  to  stress 
concentration.  Consequently,  a  new  crack 
wiU  initiate  at  point  3  and  propagate 
towards  point  4  in  a  direction  0^^  close  to 

0JJJ  forming  the  saw  tooth  described  by 

points  2-3-4.  After  the  crack  gets  to 
point  4  on  the  interface,  it  might  pro¬ 
pagate  along  the  interface  for  a  while  and 
then  go  back  to  the  adhesive  bond  at  point 
5  due  to  defects  such  as  flaws  or  voids  in¬ 
side  the  bond.  The  similar  procedure  will 
repeat  at  point  5  as  occurred  at  point  1, 
so  another  saw  tooth  will  be  formed.  Based 


on  the  illustration  in  Figure  18b,  we  have 
main  crack  along  route  1-3-4-5-7  and 
branched  cracks  3-2  and  7-6.  The  branched 
cracks  have  angles  close  to-the  correspond¬ 
ing  0j^.  Under  different  combinations  of  Pj 

and  Pjj  or  different  ratios  of  Kj  and  Kjj, 

the  branch  cracks  wiU  have  different 
angles  0j^’s  as  shown  in  Figure  2a.  The 

possibility  of  crack  branching  is  cited 
here  due  to  our  consistent  observations  of 
crack  tip  crazing,  cavitation,  and 
microcracking  mechanisms  which  occur  in 
bulk  samples.  Furthermore,  the  presence  of 
voids  and  flaws  in  adhesive  bonds  is  a  weU 
documented  phenomenon. 

Fatigue  Fracture  Behavior  In  order  to 
determine  the  effect  of  static  shear  load 
on  the  cyclic  dominant  mixed-mode  fracture, 
five  different  static  shear  load  levels 
were  applied  to  the  ILMM  specimens.  Each 
level  of  static  shear  load  was  coupled  with 
a  number  of  cyclic  opening  load  levels.  A 
computer  program  subroutine  "ZXSSQ"  form 
the  software  package  IMSL  available  in  UNIX 
system  at  Qarkson  University  was  used  to 
determine  the  coefficients  in  equations  21 
and  22  by  fitting  the  experimental  data. 
ZXSSQ  is  a  finite  difference, 
Levenberg-Marquardt  routine  for  solving 
nonlinear  least  square  problems. 

Since  the  first  model  (equation  21) 
does  not  contain  the  strain  energy  release 
rate  Gjj  due  to  the  static  shear  load  Pip 

it  should  be  fitted  with  the  steady  state 
(da/dN)  vs.  AG  values  corresponding  to  a 
variety  of  Pj’s  for  each  Pjj  level. 

Therefore,  it  governs  crack  growth  rate 
(da/dN)  vs. AG  for  one  level  of  PlI  coupled 

with  different  Pj  levels.  On  the  other 

hand,  the  second  model  (equation  22)  con¬ 
tains  one  more  parameter  =  Gjj^^  + 

Gjj  which  involves  the  strain  energy  re- 
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lease  rates  due  to  and  Pjj.  Hence, 

it  can  be  fitted  to  all  (da/dN)  vs. 

and  AG  values  corresponding  to  different 
Pj’s  for  all  five  Pjj  levels.  Consequent¬ 
ly,  it  governs  the  crack  growth  rate  under 
different  Pjj^^  and  Pjj  combinations. 

Obviously,  the  first  model  requires 
five  different  values  for  the  parameters  c 
and  n  to  describe  the  crack  growth  rates 
for  five  different  PlI  levels  coupled  with 

a  variety  of  Pj’s.  The  second  model, 

however,  requires  only  one  set  of  the 
parameters  c,  m  and  n  to  describe  all  the 
data  and  therefore,  may  be  considered  more 
efficient  for  data  fitting  and  representa¬ 
tion  purposes.  Obviously,  since  the  sums 
of  square  of  errors  for  the  two  models  are 
expected  to  be  different,  efficiency  in 
data  representation  is  not  necessarily  ex¬ 
pected  to  provide  accuracy  also. 

It  was  found  that  for  most  specimens 
steady  state  crack  propagation  prevailed 
under  7.52  cm  crack  length  and  catastrophic 
failures  occurred  when  crack  propagated  to 
or  beyond  this  length.  So,  7.62  cm  crack 
length  was  taken  as  threshold  level  for 
catastrophic  crack  propagation. 

The  material  parameters  "c"  and  "n"  of 
equation  21  for  the  model  adhesive  with 
(Metlbond  1113)  and  without  (Metlbond 
1113-2)  a  carrier  cloth  are  shown  in  Table 
1.  The  parameters  "c",  "m"  and  "n"  for  the 
second  model  (i.e.  equation  6)  are  4.77  x 

10’^,  1.2533,  and  3.6812  respectively  for 

Metlbond  1113-2  and  3.65  x  10'^,  0.77173, 
and  3.19886  for  Metlbond  1113  if  the  G 
values  are  substitued  in  English  units 

(i.e.  in-lb/in^).  For  1113-2,  the  first 
model  provides  a  better  fit  since  the 
average  error  with  the  first  model  (-2.32  x 

.9 

10  )  is  about  half  of  that  for  the  second 
model.  For  1113,  however,  the  average 
error  is  about  the  same  for  the  first  and 


second  models  (2.48  x  10'^  and  2.68  x  10'^ 
respectively). 

Threshold  Levels  The  onset  threshold 
values  for  the  1113-2  and  1113  adhesives 
are  shown  in  Tables  2  and  3  respectively. 
Examination  of  Tables  2  and  3  reveals  that 
for  both  Metlbond  1113-2  and  1113  adhesive, 
the  Gjj^^  values  at  onset  threshold  de- 

screase  with  increasing  satic  shear  load 
values  in  mode  II.  Tables  4  and  5  show  the 
catastrophic  threshold  values  for  1113-2 
and  1113  adhesives  respectively.  Again,  an 
increase  in  mode  II  loads  result  in  a 
general  decrease  in  AG  and  N„  (number  of 

cycles  at  catastrophic  crack  propagation) 
values. 

Comparison  of  Pj  and  Pll  values  cor¬ 
responding  to  catastrophic  crack  progation 
under  cyclic  loading  and  the  same  values 
under  monotonic  loading  reveal  that 
catastrophic  crack  propagation  occurs  under 
lower  Pi  -  Pii  load  combinations  when  the 

specimen  is  subjected  to  cyclic  loading. 
In  other  words,  Pj^  and  Pjj^  values  are  re¬ 
duced  as  a  result  of  cyclic  load  applica¬ 
tion. 

CONCLUSIONS 

A)  Mixed  Mode  Fracture  Under  Monotonic 
Loading 

1)  The  application  of  the  elastoplastic 
fracture  behavior  assumption  proved 
adequate  and  useful  for  the  model 
adhesive. 

2)  Excellent  correlation  was  obtained 
between  the  measured  bulk  and  bonded 
fracture  properties. 

3)  The  concept  of  plastic  deformation  zone 
is  useful  in  determining  optimum  adhesive 
thickness  in  bonded  mode. 
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4)  When  the  energy  balance  criterion  is 
used,  the  mixed  I-II  Mode  fracture  energy 
(total  energy)  values  are  lower  than  Mode 
I  fracture  energy  values  at  failure. 

5)  The  fracture  data  for  the  "brittle"  mod¬ 
el  adhesive  could  be  correlated  better 
with  the  use  of  principal  stress 
criterion  in  comparison  to  an  energy 
criterion. 

6)  The  fracture  resistance  of  the  model 
adhesive  without  the  carrier  cloth  is 
higher  than  the  fracture  resistance  of 
the  same  adhesive  with  the  carrier  cloth 
in  both  bonded  (mixed  mode)  and  bulk 
(cleavage  only)  modes. 

7)  The  use  of  ILMMS  geometry  allows  de- 
tennination  of  a  failure  criterion  on  the 
basis  of  applied  loads  and  hence  makes  it 
possible  to  compare  the  failure  behavior 
of  different  adhesives  under  similar  test 
conditions  without  calculating  any  G  or  K 
values. 

B)  Mixed  Mode  Fracture  Under  Cyclic  loading 

8)  The  strain  energy  release  rate  range  AG 
due  to  the  dynamic  part  of  the 
sinusoidally  flucturating  load  plays  the 
most  important  role  in  cyclic  load 
dominant  mixed  mode  fracture 

9)  The  and  AG  values  at  onset  and 

catastrophic  threshold  levels  decrease 
with  increasing  static  shear  load  values 
in  Mode  II. 

10)  The  shear  loads  affect  the  crack  pro¬ 
pagation  directions  within  the  adhesive 
bonds. 

11)  An  increase  in  the  mean  level  of  the 
sinusoidally  fluctuating  loads  results  in 
shorter  fatigue  life. 


12)  With  cyclic  loading,  catastrophic  crack 
propagation  occurs  under  lower  Pj  and 

PlI  load  combinations  in  comparison  to 

failure  under  fast  monotonic  loading. 

13)  The  adhesive  with  the  carrier  cloth  has 
slower  crack  propagation  in  comparison  to 
the  adhesive  without  the  carrier  cloth. 
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Table  1.  The  Material  Parameters  for 
the  Crack  Growth  Model 
da/dN  =  c  (AG)'^  where  AG  has 
the  units  (in-lb/in^) 


Table  2.  The  Onset  Threshold  Values 
for  1113-2 
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Fig,  5  Effect  of  Cure  on  the  ry^.  for  Fig.  6  Fracture  Energy-Cure  OptiTn-  Fig.  7  Fracture  Energy-Cure 

Metlbond  1113-2  Based  on  Bulk  ization  Cdrves  for  Metlbond  Optimization  Curves  for 

Tensile  and  Fracture  Data  1113-2  Based  on  Bulk  Tensile  Metlbond  1113  Based  on 

and  Fracture  Data  Bulk  Tensile  and  Fracture 
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Fig.  11  Variation  of  Gjq  with  Bond  Fig.  12  Compliance  Calibration  Fig.  13  Variation  of  Mode  II 

Thickness  for  1113  Adhesive  for  Different  Thicknesses  Breaking  Force  with 

of  Geometry  A  Bonded  with  Bond  Length 

0.635  mm  Thick  1113-2  Adhesive 
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Table  4.  The  Catastrophic  Threshold  Values  Table  5.  The  Catastrophic  Threshold 

for  1113-2  Values  for  1113 
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Abstract 

The  most  prevalent  method  in 
evaluating  adhesive  joint 
strength  in  the  adhesive 
industry  is  the  average  stress 
criterion.  It  is  shown  that  this 
method  may  be  in  error  by  an 
order  of  magnitude  in  many 
applications. 

Fracture  mechanics  methods  are 
presented  that  accurately 
predict  failure  of  adhesive 
bonds.  Failure  in  production 
adhesive  joints  may  be 
reasonably  predicted  using 
fracture  mechanics  parameters 
obtained  from  simple  test 
specimens. 

A  linear  elastic  fracture 
mechanics  method  is  shown  to 
give  good  results  for  predicting 
failure  of  a  brittle  high 
strength  structural  epoxy.  This 
epoxy  exhibits  a  nearly  linear 
stress  strain  relationship.  The 
method  is  applied  to  this  epoxy 
for  Mode  I  (tensile)  loading. 

The  results  from  one  type  of 
specimen  are  used  to  accurately 
predict  failure  in  a  radically 
different  specimen  which  has  the 
same  loading  mode.  The  effects 
of  temperature  and  load  rate  on 
the  method  are  quantified  for 
this  nearly  linear  elastic  epoxy. 

Nonlinear  elastic  fracture 
mechanics  techniques  are 
employed  to  predict  failure  in  a 
nonlinear  rubber  modified  epoxy 
in  Mode  I  loading.  Alternate 
failure  criteria  are  also  explored. 


Progress  is  given  in  extending 
the  theory  to  Mode  II  (shear) 
loading.  Several  candidate 
specimens  are  identified. 

Introduction 

The  most  common  method  for 
assessing  adhesive  capability 
is  the  average  stress  criterion. 

This  criterion  is  simply  that  an 
adhesive's  load  carrying 
capability  is  equal  to  the 
failure  load  divided  by  the  bond 
area.  This  method  may  be  in 
error  by  an  order  of  magnitude 
in  many  applications.  For 
example,  the  average  stress 
failure  criterion  does  not 
explain  why  specimens  which 
differ  only  by  bondline 
thickness  exhibit  failure  loads 
which  may  differ  by  a  factor  of 
ten. (1) 

Adhesive  bonds  are  in  a  complex 
state  of  stress.  A  maximum 
stress  criterion  states  that  an 
adhesive  bond  will  fail  when  any 
point  in  the  bond  exceeds  a 
given  stress.  This  localized 
failure  stress  is  the  maximum 
stress  capability  of  the  bond. 

This  approach  leads  to  problems 
too.  If  a  linear  elastic  analysis 
is  performed,  points  of  singularity 
are  encountered. (2)  The  stress  is 
theoretically  infinite  at  these 
points.  Bond  termination  points 
are  typically  singular.  On  the  other 
hand,  if  an  elastic-perfectly 
plastic  Euialysis  is  performed,  the 
maximum  stress  is  limited  to  the 
plastic  stress  or 
stress  at  which  plastic  flow 
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occurs.  The  bond  does  not  fail 
at  this  stress  until  a  critical 
value  of  strain  is  reached. (2) 

In  this  case  it  is  ambiguous  to 
use  a  stress  failure  criterion 
since  the  maximum  stress  does 
not  occur  at  a  discrete  point. 

An  alternative  to  using  a  stress 
failure  criterion  is  a  fracture 
mechanics  criterion.  This 
approach  is  based  on  energy 
rather  than  stress  required  to 
break  a  bond.  In  this  paper 
fracture  mechanics  techniques 
are  given  to  predict  failure  in 
linear  and  nonlinear  adhesives. 
Effects  of  load  rate  and 
temperature  on  fracture 
mechanics  parameters  are 
explored.  A  strain  failure 
criterion  is  also  explored  for 
nonlinear  adhesives.  For  the 
linear  epoxy,  progress  is  given 
on  Mode  II  (shear)  testing. 

Linear  Elastic  Mode  I  Testing 

A  high  strength  structural 
epoxy,  EA-934NA,  a  product  of 
Dexter  Hysol,  Aerospace 
Division,  vas  employed  for  the 
"linear  elastic"  testing.  This 


brittle  epoxy  exhibits  a  nearly 
linear  stress  strain  curve  as 
shown  in  Figure  1.  Linearity  was 
assumed  so  linear  elastic 
fracture  mechanics  (LEFM)  could 
be  used.  LEFM  states  that  when 
the  energy  release  rate,  G,  the 
rate  at  which  a  specimen 
dissipates  energy  as  a  crack 
grows,  goes  above  the  critical 
energy  release  rate,  Gc,  energy 
will  go  into  creating  crack 
surfaces . 

For  this  work  it  is  assumed  that 
microscopic  inclusions,  voids, 
or  debonds  exist  in  an  adhesive 
bondline.  Although  these  defects 
exist  throughout  a  bondline, 
they  are  of  most  interest  at  the 
points  of  m£ucimum  stress  or 
stress  singularity.  These 
defects  are  classified  as 
inherent  flaws,  a  .  The  size  of 
these  inherent  flaws  governs  the 
amount  of  force  required  to 
achieve  the  critical  energy 
release  rate  of  the  adhesive  in 
a  bond.  The  theory  is  that  when 
the  two  parameters,  G  and  a  , 
are  known,  failure  loads  may^be 
predicted  in  this  linear 
adhesive. 


AXIAL  STRAIN  (IN. /IN.) 

Figfure  1.  Stress  Strain  Curve  for  "Linear"  Epoxy 
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The  primairy  Mode  I  specimen  used 
was  the  tensile  adhesion  button. 
A  tensile  button  specimen 
consists  of  two  short  cylinders 
bonded  together  on  the  cylinder 
ends  in  a  butt  joint.  Each 
cylinder  has  a  groove  machined 
into  it  so  the  specimen  may  be 
slid  into  a  set  of  U-shaped 
grips  which  are  mounted  to  a 
universal  testing  machine.  A 
picture  of  this  specimen  and 
test  grips  is  shown  in  Figure  2. 
This  specimen  was  tested  in 
several  different 
configurations.  The  bondline 
geometry  of  the  specimen  was 
altered  by  using  spacers  to  give 
different  thicknesses  and  by 
creating  intentional  debonds  by 
putting  Teflon  tape  on  the 
bonding  surface  of  one  button. 
This  makes  an  initial  flaw  of 
known  dimensions.  This  flaw  is 
large  enough  that  any  effects  of 
the  inherent  flaw  are 
overridden.  Since  the  flaw  size 
is  known  in  this  case,  a  finite 
element  technique  (for  example, 
the  crack  closure  integral 
method)  may  be  used  to  get  the 
normalized  energy  release  rate 
or  square  root  of  G  per  unit 
load.  Using  this  parameter  and 


the  failure  load  from  lab 
testing,  the  critical  energy 
release  rate,  G  ,  may  then  be 
calculated.  The  obtained  for 

KA-934NA  was  0.47  in-lb/in^. 

The  energy  release  rate  is  then 
calculated  for  a  specimen  with  a 
constant  bondline  thickness  over 
a  range  of  small  cracks.  The 
failure  load  in  tensile  button 
specimens  tested  without  an 
initial  flaw  (inherent  flaw 
only)  is  used  for  these 
calculations.  Thus  the 
calculated  energfy  release  rates 
are  critical  energy  release 
rates,  G  ,  for  various  inherent 
flaws,  the  flaw  which  produces  a 
G  ,  of  0.47  in-lb/in^  is  termed 
the  inherent  flaw  size.  The 
inherent  flaw  size  obtained  was 
0.0016  inches. 

As  an  independent  verification 
of  this  test,  a  nontapered 
double  cantilevered  beam  test 
was  run  according  to  ASTM 
D-3433.  This  test  involves 
applying  a  tensile  force  normal 
to  the  bondline  of  two  parallel 
plates.  A  crack  is  propagated 
incrementally  by  loading  and 
unloading  the  specimen.  From  this 
testing  a  load  versus  displacement 


LOWER  SLIP  GRIP 


TO  LOWER  CROSSHEAD 


UPPER  SLIP  GRIP 


BUTTON  SLOT 
BUTTON 

TEFLON  SPACER 

BONDLINE 
BUTTON 
BUTTON  SLOT 


Figure  2.  Tensile  Adhesion  Button  Test  Setup 
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curve  is  obtained  at  different 
crack  lengths.  From  these  data 
the  change  in  compliance  of  the 
specimen  per  change  in  crack 
length  may  be  calculated.  This 
allows  calculation  of  according 
to  the  following  equation. 

2  j 

p  dc 

G  =  -  - 

2b  da 

Where  p  is  the  crack  propagation 
load,  b  is  the  specimen  width, 
and  dc/da  is  the  change  in 
compliance  with  crack  length. 

From  this  testing  a  G  value  of 
0.52  in-lb/in^  was  obtained. 

This  is  in  close  agreement  to 
0.47  in-lb/in^  which  was 
obtained  in  the  tensile  adhesion 
tests. 

Theoretically,  G  and  a  may  now 
be  used  to  predict  failure  in 
other  Hode  I  specimens.  In  the 
first  verification  of  the 
theory,  failure  was  predicted  in 
tensile  buttons  with  the 
bondline  thickness  varying  from 
0.005  to  0.500  inches.  A 


comparison  of  measured  and 
predicted  data  is  shown  in 
Figure  3.  As  may  be  seen,  the 
theory  correctly  predicts  the 
thickness  effect.  With  this 
success  a  third  Mode  I  specimen 
was  used  for  further  theory 
verification.  This  specimen  was 
the  modified  blister  test. 

Blister  Test  Results 

The  blister  test  is  shown  in 
Figure  4.  It  was  employed  as  an 
alternate  Mode  I  (tensile) 
specimen  to  verify  the  Mode  I 
failure  theory  developed  with 
the  buttons  for  the  nearly 
linear  elastic  epoxy. 

A  blister  specimen  consists  of  a 
steel  cylinder  which  has  a 
cylindrical  hole  machined 
concentrically  with  the  outer 
cylinder  surface.  A  Teflon  plug 
is  inserted  into  this  hole  and  a 
0.125  inch  layer  of  adhesive  is 
cast  on  the  cylinder  end.  The 
blister  specimen  was  modified  by 
adding  a  0.625  inch  thick  steel 
plate  on  top  of  the  uncured 
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M  P, 


ADHESIVE 


STEEL  TOP  PLATE 


TEFLON  TAPE  FOR  STEEL 

INITIAL  DEBOND  BUTTON 


A000761  R1 

Figure  4.  Modified  Blister  Test 
Specimen 

adhesive  to  provide  increased 
stiffness  cind  thus  prevent 
cohesive  shear  failure 
initiation  within  the  adhesive. 
After  the  adhesive  is  cured  the 
Teflon  plug  is  removed.  The 
blister  is  then  tested  by 
pressurizing  inside  the  hole 
until  failure.  Finite  element 
analysis  showed  that  although 
the  tensile  button  and  blister 
specimens  are  radically 
different  in  both  specimen 
geometry  and  loading  method, 
both  specimens  exhibit  about  98 
percent  Mode  I  loading. 

Using  the  G  and  a^  obtained 
from  the  tensile  buttons  and 
data  from  finite  element  runs  on 
the  blister  specimens,  failure 
pressure  predictions  were  made 
for  blister  specimens.  These 
predictions,  along  with  the 
actual  test  data,  are  shown  in 
Table  1. 

As  can  be  seen  excellent 
results  are  obtained  when 
predicting  the  blister  specimen 
failure  pressure  based  on 
fracture  mechanics  parameters 
obtained  from  tensile  button 
tests.  This  verifies  the 
hypothesis  that  fracture 
mechanics  may  be  used  to  predict 


Table  1.  Blister  Test  Results 


Debond 

Size 

(in.) 

Failure 

Pressure 

(psi) 

X 

Error 

Fred  Actual 

ao 

3370  3320 

2 

0.2 

860  910 

6 

failure  in  "linear  elastic" 
adhesives  in  Mode  I  loading. 

Temperature  and  Load  Rate 
Effects 

Using  the  button  specimen  shown 

in  Figure  2,  testing  was 

completed  to  determine  the 

effects  of  varying  temperature 

and  load  rate  on  G  and  a_.  It 

c  o 

was  assumed  that  a^  would  not 
change  since  it  is  a  geometric 
parameter.  The  critical  energy 
release  rate,  G^,  is  an  energfy 
derived  parameter  and  would  be 
expected  to  change.  Testing  was 
at  20",  75",  and  150"F.  The 
three  load  rates  were  0.005, 
0.050,  and  0.500  inches  per 
minute.  The  viscoelastic 
properties  of  the 
adhesive  were  taken  into  account 
by  using  the  effective  modulus 
obtained  from  relaxation  modulus 
testing.  The  effective  modulus 
is  obtained  by  integrating  a 
relaxation  modulus  curve  for  a 
constant  strain  rate  loading. 

The  relaxation  modulus  curve  is 
obtained  by  rapidly  loading  a 
specimen  to  a  constant  strain 
and  allowing  the  stress  to  relax 
with  time.  The  relaxation  stress 
is  converted  to  relaxation 
modulus  using  Hooke's  Law.  A 
master  curve  of  the  effective 
modulus  for  a  constant  strain 
rate  loading  is  shown  in  Figure 
5. 
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Figure  5.  Effective  Modulus  for  "Linear"  Epoxy 


Figure  6.  as  a  Function  of  Temperature  and  Load  Rate 
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Figure  7.  Stress  Strain  Curve  for  Nonlinear  Epoxy 


Three  specimen  geometries  were 
tested.  The  specimens  differed 
by  the  amount  of  initial  debond. 
Specimens  were  tested  with  no 
intentional  debond  and  with  0.1 
and  0.2  inch  intentional 
debonds.  As  before,  the 
intentionally  debonded  specimens 
served  to  get  an  independent 
measure  of  G  .  The  nondebonded 
buttons  allowed  assessment  of 


Figure  6  shows  how  G  varies 
with  both  temperature  and  load 
rate  in  the  nondebonded  buttons. 
Analysis  of  these  data  showed 
that  G  increases  with  an 
increase  of  load  rate  and 
decreases  with  an  increase  of 
temperature.  This  agrees  with 
the  general  observation  that 
adhesion  strength  increases  with 
load  rate  and  decreases  with 
temperature.  The  inherent  flaw 
size,  a  stayed  essentially 
constant  at  all  temperatures  and 
load  rates  tested. 


Nonlinear  Elastic  Mode  I  Testing 

A  rubber  toughened  high  strength 
structural  epoxy,  EA-9309.2NA,  a 
product  of  Dexter  Hysol, 
Aerospace  Division,  was  used  for 
the  nonlinear  Mode  I  testing. 
This  epoxy  exhibits  a  nonlinear 
stress  strain  curve  as  shown  in 
Figure  7.  As  cam  be  seen,  this 
epoxy  has  am  initial  elastic 
portion  with  a  large  plastic 
portion. 

Tensile  adhesion  buttons  were 
tested  with  various  bond 
geometries  using  this  nonlinear 
epoxy.  The  testing  was  performed 
at  one  temperature  amd  at  one 
load  rate.  Buttons  were  tested 
which  had  several  different 
thicknesses  amd  bond  termination 
geometries.  Groups  of  buttons 
with  thicknesses  of  0.005, 

0.030,  0.060,  0.150,  amd  0.500 
in.  were  tested.  Groups  of 
buttons  with  initial  flaws  of 
0.1  and  0.2  in.  were  also 
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tested.  The  different  thickness 
buttons  had  no  intentional 
dehond . 

Three  failure  theories  were 
compared  for  correctness  in 
analyzing  test  results.  First 
was  the  linear  fracture 
mechanics  approach  which  was 
used  with  good  success  for  the 
"linear  elastic"  approach.  This 
approach  proved  to  be  inaccurate 
which  confirmed  that  a  nonlinear 
approach  must  be  taken  to 
account  for  plastic  deformation. 
The  first  nonlinear  approach 
involved  the  use  of  the 
"J"-lntegral.  The  "J"-integral 
is  a  nonlinear  energy  release 
rate  which  reduces  to  G  in  the 
linear  case.  This  approach  was 
able  to  predict  loads  in  the  0.2 
inch  debonded  buttons  from 
results  obtained  in  the  0.1  inch 
debonded  buttons  within  5 
percent.  The  critical  value  of 
the  "J"-integralj  J  .  obtained 
was  2.0  in-lb/in^.  Numerical 
problems  arose  with  the  finite 
element  runs  to  determine  a  . 
Unreasonably  large  ° 

shear  deformations  occured  for 
small  flaw  sizes  near  a 
bimaterial  Interface.  Work  is 
continuing  to  solve  the 
problems . 

The  second  nonlinear  approach 
was  the  use  of  a  maximum 
principal  strain  failure 
theory. (2)  This  involves 
analyzing  the  localized  strain 
present  in  a  specimen  using 
nonlinear  structural  analysis. 
When  the  strain  exceeds  a 
critical  level,  failure  is 
predicted.  This  approach  worked 
within  20  percent  for  the  0.1 
and  0.2  inch  debonded  buttons. 
The  same  numerical  problems  were 
encountered  with  the  small  flaw 
sizes.  The  new  release  of  the 
code  promises  to  have  solved  the 
problem. 


Mode  II  (Shear)  Testing 

One  of  the  problems  encountered 
with  specimens  thought  to  be 
loaded  in  Node  II  (shear)  is 
that  most  are  not  purely  shear 
with  many  being  dominated  by 
tension  at  the  failure  intiation 
point.  Analysis  shows  that  a 
thick  adherend  single  lap  shear 
specimen  (ASTM  3165)  may  be  up 
to  90  percent  Mode  I  at  the 
failure  initiation  point. 

Several  "Mode  II"  specimens  are 

being  analyzed  and  tested  to 

determine  the  ratio  of  Mode  I  to 

Mode  II  and  the  Node  II  energy 

release  rate,  G^t  and  a  . 

lie  o 

Three  candidate  Mode  II  (shear) 
specimens  which  were  bonded  with 
the  "linear  elastic"  adhesive 
were  tested.  The  first  specimen 
tested  was  the  constrained  thick 
adherend  lap  shear  specimen. 

This  consists  of  a  standard 
thick  adherend  lap  shear 
specimen  which  has  lateral 
restraints  placed  on  it  at  the 
failure  zone.  A  picture  of  this 
specimen  is  found  in  Figure  8. 
The  restraints  are  intended  to 
prevent  the  Node  I  component 
from  becoming  large  at  the  crack 
termination  point.  This  approach 
had  very  limited  success  as  the 
force  required  to  constrain  the 
edge  was  too  great  to  preclude 
frictional  contribution  from  the 
constraints. 

CLAMPING  DEVICE 


Figure  8.  Constrained  Lap  Shear 
Test  Setup 


147 


The  second  specimen  is  the  three 
point  bending  beam  or  edge 
notched  fracture  test.  This 
specimen  consists  of  two  plates 
laminated  together  with 
adhesive.  The  assembly  is  loaded 
in  three  point  bending  so  that 
the  adhesive  layer  is  at  the 
neutral  axis  of  the  beam.  A 
picture  of  this  specimen  is 
found  in  Figure  9.  Problems  have 
been  encountered  in  this  test 
with  detecting  the  crack  growth. 
Work  is  continuing  with  a 
conductive  carbon  crack  gage. 
Carbon  is  vapor  deposited  on  the 
edge  of  the  specimen  and  the 
resistance  change  is  tracked 
while  the  crack  is  propagating. 


Figure  9.  Three  Point  Bending 
Beam  Test  Setup 

The  third  specimen  is  the 
losipescu  specimen.  This 
specimen  consists  of  two  blocks 
bonded  together  which  are  placed 
in  direct  shear  using  fixed 
grips.  A  picture  of  this 
specimen  is  found  in  Figure  10. 
It  is  the  most  promising  of  all 

LOADING 


Figure  10.  losipescu  Shear  Test 
Setup 


the  Mode  II  specimens.  Fracture 
mechanics  was  used  to  analyze 
these  specimens  to  assess  the 
relative  amounts  of  Mode  I  and 
Mode  II  present  in  the  failure 
zone.  Analysis  showed  that  the 
losipescu  had  the  highest  amount 
of  Mode  II  present  with  96 
percent . 

A  fourth  Mode  II  specimen  which 
is  now  under  construction  is  the 
tapered  end  lap  shear  specimen. 
This  specimen  is  derived  from  a 
thick  adherend  lap  shear 
specimen.  The  only  difference  is 
that  the  cut  end  of  this 
specimen  has  been  ground  to  a 
taper.  A  picture  of  this 
specimen  is  found  in  Figure  11. 
This  taper  limits  the  transverse 
stiffness  at  the  bond 
termination  and  should  therefore 
limit  transverse  force. 


Figure  11.  Tapered  Lap  Shear 
Specimen 


More  analysis  work  is  being  done 
on  these  Mode  II  specimens  to 
determine  a  Mode  II  energy 
release  rate. 
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Summary 


References 


The  fracture  mechanics  approach 
works  well  in  predicting  Mode  I 
failure  in  nearly  linear 
epoxies.  Vhen  the  theory  is 
extended  to  nonlinear  epoxies, 
numerical  problems  are 
encountered  at  hi-material 
interfaces  on  the  current  finite 
element  code.  Future  code 
improvements  promise  to  solve 
this  problem.  Mode  II  testing 
involves  finding  a  pure  shear 
specimen  and  testing  it  with 
both  linear  and  nonlinear 
adhesives.  Work  is  continuing  in 
this  area. 
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Numerous  theories  have  been  pro¬ 
posed  to  explain  adhesion  phe¬ 
nomena.  Most  involve  the  sorp¬ 
tion  and  wetting  of  the  sub¬ 
strates  to  be  joined  by  the  ad¬ 
hesive  molecules  by  either  phys¬ 
ical  or  chemical  interaction  be¬ 
tween  reactive  surface  sites  and 
specific  moieties  in  the  polymer 
composition  of  the  adhesive.  The 
former  may  depend  on  hydrogen 
bonding,  dispersion  forces  or 
dipole-dipole  interactions  where¬ 
as  the  latter  comes  about  by 
specific  chemical  interactions 
(1,2).  Early  in  1975  (3)  and  in 
subsequent  papers  Fowkes  had  pro¬ 
posed  an  acid/base  interaction 
between  the  adhesive  and  adher- 
end  as  the  procuser  for  good 
structural  bonds.  A  somewhat 
related  electrostatic  theory  was 
earlier  reported  by  Derjaquln 
and  Smllger  [4].  The  special 
case  of  polymer  to  polymer  ad¬ 
hesion  was  considered  by  Volyut- 
skli  [5]  who  postulated  the 
interdiffusion  of  the  polymers 
across  the  interface  into  some 
depth  within  the  bulk. 

With  this  exception,  the  pre¬ 
valent  theories  emphasize  the 
energetics  at  the  interface  as 
the  principle,  if  not  the  only, 
factor  in  production  of  good  ad¬ 
hesive  bonds. 

It  is  the  purpose  of  this  paper 
to  present  an  approach  to  the 
study  of  adhesive  phenomena  as¬ 
sociated  with  macromolecules 
which  is  based  on  restricted 
polymer  segment  mobility  due  to 
adsorption  on  the  surface  of  the 
adherend.  The  adsorption  of  a 
macromolecule  on  surfaces  re¬ 
sults  in  a  reduction  in  the 
number  of  configurations  the 
macromolecule  can  assume  when 
compared  to  that  which  exists  in 
the  free  state.  All  the  bulk 
polymer  molecules  are  in  con¬ 
stant  thermal  motion.  The  ampli¬ 
tude  of  the  motion  is  determined 
by  the  amount  of  available  free 


volume  within  which  they  may  os¬ 
cillate,  rotate  and  vibrate.  If 
an  adjacent  molecule  occupies 
more  of  its  share  of  the  free 
volume  there  is  less  available 
for  the  others.  Thus  if  the 
sorbed  molecule  is  attached  to 
the  active  sites  of  a  surface  it 
usually  occurs  via  specific  moi¬ 
eties  which  are  ordinarily  dis¬ 
placed  some  distance  from  one 
another  and  thus  a  considerably 
greater  volume  is  excluded  than 
when  it  is  in  the  free  or  unat¬ 
tached  state.  The  result  is  a 
surface  molecule  which  is  looped 
and  bent.  (Figure  1  ).  The  move¬ 
ment  of  the  adjacent  molecules 
(those  not  on  the  surface)  is 
then  restricted.  In  turn  those 
nearest  the  adjacent  ones  are 
also  affected.  The  initial  re¬ 
striction  in  polymer  segment 
mobility  may  be  telegraphed 
through  distances  as  great  as 
1000-2000  nm.  The  relatively  im¬ 
mobilized  segments  produce  ef¬ 
fects  similar  to  that  which  is 
observed  in  cross  linked  systems. 
It  would  appear  reasonable  at 
least  as  a  first  approximation 
to  expect  that  the  greater  ex¬ 
tent  of  hindrance  to  segmental 
motion  (l.e.  like  cross  linking) 
the  stronger  the  adhesive  bond 
should  be.  In  other  words  the 
thicker  the  layer  of  restricted 
movement  the  stronger  the  bond. 

In  the  practical  preparation  of 
organically  adhered  joints  ex¬ 
perience  teaches  that  the  thin¬ 
nest  adhesive  layers  produce  the 
strongest  joints.  This  may  be 
due  to  two  reasons;  one  being 
the  lower  probability  of  defects 
and  stress  concentration  points 
for  propagation  of  cracks,  since 
the  total  volume  of  glue  is 
small  as  compared  with  a  thicker 
layer.  The  other  reason  may  be 
that  the  extent  of  the  restrict¬ 
ed  mobility  layers,  which  may  be 
equal  to  1000  nm  for  the  two  sur¬ 
faces,  includes  the  total  thick- 
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ness  of  the  glue  region.  Bryant 
and  Dukes  [6]  showed  that  metal 
to  metal  bond  strength  decreased 
with  increasing  thickness  of  ad¬ 
hesive.  As  indicated  above, 
this  may  be  the  result  of  the  ad¬ 
hesive  thickness  being  greater 
than  the  dimension  of  the  re¬ 
stricted  mobility  layer.  It  is 
possible  that  the  extent  of  the 
layer  of  restricted  segment  mo¬ 
bility  and  the  strength  of  this 
region  to  withstand  the  ambient 
environmental  effects  may  be  re¬ 
lated  to  the  ability  of  the 
joined  phases  to  remain  together. 

The  fundamental  study  of  adhesion 
phenomena  is  generally  hampered 
by  the  fact  that  only  limited 
surface  areas  are  conveniently 
handled  in  the  laboratory.  The 
condition  of  surfaces  may  be 
studied  by  electronic  or  atomic 
probes  such  as  ESCA,  SIMS,  IPS, 
LEED,  Auger,  etc.  But  in  most 
cases  the  surface  is  examined 
after  the  film  is  removed  and 
this  may  not  represent  the  actu¬ 
al  state  of  affairs  that  existed 
initially. 

Experimental  evidence  that  this 
long  range  impairment  of  polymer 
mobility  occurs  may  be  deduced 
from  (1)  glass  transition  meas¬ 
urements,  (2)  vapor  diffusion 
studies,  (3)  solubility  deter¬ 
minations,  (4)  mechanical  proper¬ 
ty  effects,  (5)  viscosity  meas¬ 
urements,  (6)  density  calcula¬ 
tions,  and  (7)  electrical  prop¬ 
erties.  The  data  obtained  from 
such  work  may  be  used  to  calcu¬ 
late  the  boundary  of  the  re¬ 
stricted  segment  mobility  region. 
It  is  proposed  that  its  extent 
could  possibly  be  correlated  with 
the  capability  of  the  system  to 
remain  together  under  stressing 
conditions. 

The  approach  taken  in  some  of 
the  experiments  to  be  described 
was  to  use  particulate  material 
dispersed  in  a  binder.  The 
former  could  be  obtained  in  small 


enough  particle  size  to  provide 
a  sufficiently  large  area  for  ef¬ 
fects  to  be  observed.  The  ex¬ 
periments  described  have  employed 
oxides,  such  as  T10„,  as  ana¬ 
logues  of  the  polar^or  hydrophil- 
lic  oxides  of  which  most  metallic 
surfaces  are  composed.  For  non¬ 
polar  or  low  energy  surfaces 
phthalocyanine  blue,  whose  criti¬ 
cal  contact  angle  of  31.3°  [7  ] 
and  surface  tension  of  46.9 
dynes/cm  [8  ],  qualify  it  as  a 
low  energy  surface  material,  or 
similar  type  particles  have  been 
used.  It  should  be  stressed  that 
these  particulate  substances  are 
only  employed  to  provide  large 
surface  areas  whose  free  energies 
of  formation  are  similar  to  those 
encountered  in  adhesion  techno¬ 
logy. 

Glass  Transition;  The  glass 
transition  temperature  (Tg)  di¬ 
vides  the  rubbery  region  of  a 
polymer  from  the  glassy  phase. 

On  a  molecular  scale  the  latter 
condition  postulates  restricted 
vibratory  motion  with  limited 
amplitude  whereas  in  the  former 
the  polymer  segments  move  with 
greater  freedom,  amplitude  and 
flexibility. 

As  mentioned  previously,  the  ad¬ 
sorption  of  a  macromolecule  on  a 
surface  should  restrict  the  mole¬ 
cules's  vibrational  modes  be¬ 
cause  it  is  in  a  looped  configu¬ 
ration  and  so  it  would  occupy  a 
proportionally  greater  percentage 
of  the  system's  free  volume. 

This  in  turn  restrains  the  neigh¬ 
boring  molecules,  which  restric¬ 
tion  could  be  reflected  in  glass 
transition  measurements. 

Kumins  and  Roteman  [  9 ]  deter¬ 
mined  the  Tg  of  poly  (vinyl  ace¬ 
tate  vinyl  chloride)  tDy  dilatom- 
etry  films  filled  with  TiO^  at 
varying  volume  solids.  They 
found  several  Tg's  depending  on 
the  total  surface  area  of  the 
T:j.02  present.  At  about  6\%  by 
volume  a  new  Tg  appeared  U8°C 
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as  compared  with  the  initial  ones; 
30°  and  77°). 

Droste  and  DeBenedetto  [10] 
using  thermo  mechanical  methods 
on  epoxy  filled  with  either 
glass  beads  or  clay  found  the 
Tg  to  increase  as  the  surface 
area  of  the  solids  increased  as 
a  result  of  their  addition  to 
the  composition.  They  inter¬ 
preted  their  result  as  due  to  a 
reduction  of  polymer  molecular 
mobility  due  to  adsorption. 

Figure  2  from  their  publication 
illustrates  this  effect. 

Price,  et  al  [11]  studied  a 
styrene  cured  polyester  filled 
with  potassium  perchlorate  pow¬ 
der  200/<m  in  diameter  using 
NMR  and  thermo  mechanical  analy¬ 
sis.  They  found  a  range  of  Tg's 
depending  on  the  proportions  of 
KCIO,  present.  Figure  3  from 
their  publication  illustrates 
the  results.  They  attributed 
their  results  to  the  presence 
of  two  phases;  one  arising  from 
the  constrained  polymer  seg¬ 
ments  and  the  other  to  the  neat 
polymer.  It  is  interesting  to 
note  that  the  Tg  changes  occur¬ 
red  despite  the  200/^m  (on  small 
surface  area)  particle  size  of 
the  filled  system. 

lisaki  and  Schaboyama  [12]  using 
dynamic  mechanical  analysis  and 
broad  line  NMR  methods  found  a 
Tg  shift  to  higher  values  as  the 
amounts  of  mica  filler  in  an 
epoxy  system  was  increased.  They 
attributed  the  results  to  the 
non  homogenity  of  the  segmental 
mobilities  of  the  polymer  chains 
brought  about  by  the  addition  of 
the  mica  (Figure  4). 

Beatty  [Polymer  Composites  5  Oct 
(1984)]  (19)  showed  that  the  Tg  of 
polymethyl  methacrylate  increases 
as  the  amount  of  CaCO^  mixed 
with  it  increases.  He  used  di¬ 
electric  relaxation  techniques 
to  detect  these  changes. 


Hahn  [0  Adh  J2  #1  (1984)]  (20)  showed 
by  strain  measurements  that  con¬ 
siderable  differences  in  residual 
stress  between  interfacial  and 
bulk  adhesive  zones  exist  in 
aluminum  joined  with  epoxylite  810. 

Theocaris  [J.  Reinforced  Plastics 
and  Composites  3  ■^uly  (1984)] (21) 
has  reported  and  mathematically 
analyzed  a  thick  interphase  be¬ 
tween  a  polymer  and  particles 
dispersed  in  it  whose  properties 
differ  markedly  from  those  of 
the  bulk. 

Crowley  and  Jonath  using  Rayleigh 
Scattering  and  Thermally  Induced 
Dielectric  Relaxation  techniques 
on  aluminum  joints  bonded  with 
an  epoxy  adhesive  reported  re¬ 
stricted  polymer  mobility  ranging 
as  much  as  10,000  nm  from  the 
aluminum  surface  (Adhesion  and 
Adsorption  of  Polymer  Part  A 
165  and  175  (1980)  Plenium  Pub¬ 
lishing  Corp) ,  (22) . 

These  examples  using  various 
mensuration  methods  and  different 
solids  of  differing  surface  ac¬ 
tivity  dispersed  in  different 
polymers  point  to  a  general  phe¬ 
nomenon  in  which  there  is  pro¬ 
duced  a  restricted  polymer  seg¬ 
ment  mobility  within  the  volume 
of  polymer  between  the  solid 
particles.  This  interparticle 
volume  is  of  visible  dimensions. 

Diffusion:  The  significance  of 
diffusion  data  in  connection 
with  the  thesis  of  this  paper 
rests  on  the  generally  accepted 
model  for  the  transport  of  gas¬ 
eous  matter  through  polymer 
films.  This  process  takes  place 
as  a  result  of  the  motions  of 
the  polymer  segments  which  nor¬ 
mally  oscillate  and  vibrate  at 
frequencies  of  about  10  times 
per  second.  At  any  given  point 
in  time  there  are  free  spaces 
formed  within  the  matrix  due  to 
the  cooperative  and  simultaneous 
movement  of  a  number  of  segments. 
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This  "hole"  or  fluctuation  in 
microscopic  local  density  pro¬ 
vides  a  space  within  which  a  dif¬ 
fusing  molecule  may  "jump."  Since 
the  glass  transition  temperature 
divides  the  state  between  re¬ 
stricted  mobility  of  segments 
i.e.  more  glass  like,  and  the 
one  in  which  they  move  more 
freely  and  with  greater  vibra¬ 
tional  amplitudes,  it  follows 
that  measurements  of  diffusion 
rates  below  and  above  the  Tg  vary 
in  a  manner  which  is  not  propor¬ 
tional  to  the  temperature  dif¬ 
ferences  at  which  the  determin¬ 
ations  are  made.  Put  another  way, 
the  activation  energy  for  diffu¬ 
sion  is  greater  above  the  Tg  than 
below  it  because,  as  stated  above, 
the  translation  and  vibrational 
movements  of  segments  are  greater. 
The  usual  way  to  show  this  is  to 
plot  log  D  vs  1/T. 

The  plot  for  the  diffusion  of  CO^ 
through  the  poly  (vinyl  acetate,"^ 
vinyl  chloride)  TIO^  film  at  12.9 
and  19.3  volume  ?j  for  which  the 
Tg  was  about  A9°C  is  shown  in 
(Figure  6).  The  same  results 
were  obtained  when  H„0  was  the 
dlffusant.  It  should  be  recalled 
that  the  neat  polymer  exhibited 
2  Tg'g  one  at  30°  and  the  other 
at  77^0.  In  this  system  the 
interparticle  distance  is  calcu¬ 
lated  to  be  17A0nmand  1250  nm 
respectively. 

Since  the  diffusion  data  Indicate 
a  change  in  slope  of  the  curve 
obtained  from  a  plot  of  Log  D  vs 
1/T  which  represents  an  Increase 
in  the  energy  of  activation  for 
the  diffusion  process  it  follows 
that  the  CO2  or  the  H^O  must  find 
its  way  thrdugh  the  maze  of  the 
polymer  situated  between  adjacent 
particles  of  the  solid.  Because 
the  process  requires  more  energy 
due  to  the  restriction  of  polymer 
mobility  than  would  obtain  in  the 
neat  polymer. 

Since  the  change  in  slope  occurs 
at  about  48°C,  the  same  Tg  tem¬ 


perature  as  found  by  dilatome- 
tric  measurements  of  the  same 
system,  further  evidence  for 
changes  in  polymer  segment  mo¬ 
bility  within  the  material  be¬ 
tween  the  particulate  matter  is 
obtained. 

Solubility :  Solubility  or  swel¬ 
ling  data  are  commonly  deter¬ 
mined  to  assess  the  degree  of 
cross  linking  of  cured  polymers. 
A  highly  c..-op  linked  system 
swells  slightly  since  the  rigid 
network  does  not  permit  the  en¬ 
trance  of  significant  amounts 
of  solvent.  The  degree  of  cross 
linking  may  be  calculated  from 
the  Flory-Stannett  equation: 

fin  (a,/v,)  -  vj]  vl  =x  +  P  (v,/v|)  (vj'’  -  (2/f)v2]  1/Mc  ^ 

where  a^=actlvity  of  the  sol¬ 
vent  in  the  polymer,  v.=  volume 
fraction  of  solvent,  volume 
fraction  of  polymer,  x=inter- 
action  parameter,  f=function- 
allty  of  the  cross  linking 
groups,  Mc=mol.  wt.  between 
cross  links,  and  p=density  of 
the  polymer. 

It  would  be  reasonable  to  as¬ 
sume  that  restriction  of  seg¬ 
ment  mobility  would  cause  the 
system  to  act  as  if  it  were 
cross  linked  to  some  extent. 

This  would  be  reflected  in  a 
decrease  of  vapor  solubility  of 
the  polymer  when  in  contact 
with  a  surface. 

Figures  7,8,  and  9  do  indeed 
illustrate  that  the  amounts  of 
solvent  imbibed  by  a  polymer  in 
contact  with  a  solid  surface 
are  considerably  less  than  when 
the  former  is  in  the  free  film 
state.  The  curves  also  indi¬ 
cate  that  as  the  partial  pres¬ 
sure  of  the  solvent  increases 
a  point  is  reached  where  the 
affected  segments  are  released 
from  their  restriction  and  then 
the  vapor  solubility  approaches 
that  of  the  free  film. 

The  curves  shown  have  further 
relevance  in  that  they  contain 
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data  obtained  from  such  diverse 
materials  as  copper  phthalocya- 
nine  (a  hydrophobic  or  low  en¬ 
ergy  surface),  poly vinylacetate, 
acetone,  chloroform,  Epon  828  50% 
cross  linked  by  hexamethylene  di¬ 
amine  and  TiO„,  a  hydrophillic 
surface  [13, l4]. 

Lipatov  and  Sergeeva  [15]  studied 
the  effective  cross-linked  den¬ 
sity  by  swelling  measurements  of 
polyurethane  coatings  based  on 
polyethers  and  polyesters  in  the 
free  film  and  on  an  aluminum  sur¬ 
face.  As  illustrated  in  Table 
the  cross-link  densities  differed 
depending  upon  whether  the  free 
film  or  the  surface  film  was 
measured.  The  latter  had  the 
lower  molecular  weight  between 
cross-links.  They  considered 
that  the  chemical  reaction  was 
different  in  each  case  due  to  the 
presence  or  absence  of  an  inter¬ 
face. 

About  the  same  time  Lipatov  and 
Sergeeva  [16]  reported  that 
swelling  measurements  on  a  poly¬ 
styrene/glass  fiber  system  by 
ethylbenzene  vapors  showed  a  de¬ 
crease  in  vapor  sorption  with 
glass  content.  This  diminution 
was  observed  even  when  the  poly¬ 
mer  content  was  200  wt  %  of  the 
fibers.  In  work  on  polyurethane 
coatings  on  solid  surfaces 
they  reported  "cross  linking" 
effects  which  only  became  insig¬ 
nificant  at  a  distance  of  200  nm. 

Mechanical  Properties:  Kwei  and 
Galperin  [17]  studied  the  mechan¬ 
ical  properties  of  TiO„  filled 
polyvinylacetate.  If  the  solid 
particles  were  non-reacting  with 
the  matrix,  the  variation  of 
Young's  modulus  would  follow 

E=E^  (1  +  2.5^  +  14.1^^)  (2) 

where  4^15  the  volume  fraction  of 
crystalite  and  E^  is  the  Young's 
modulus  at^  =  0.“  Their  data 
showed  that  the  actual  Increase 
of  E  with  TIO2  content  (or  sur¬ 
face  area)  was  much  greater  than 


predicted  by  Equation  (2), 

Figure  (10);  depending  on  strain 
rate  the  second  virial  coef¬ 
ficient  of  the  equation  was  as 
much  as  four  to  six  times 
greater  than  for  the  non¬ 
interacting  value  of  2.5. 

In  addition  to  the  Increase  in 
Young's  modulus  the  ultimate 
elongations  were  decreased. 

They  state  "Increases  in  Young's 
modulus  with  higher  filler  con¬ 
tent  indicates  that  the  polymer 
chains  as  a  whole  are  stiffened. 
This  long  range  immobilization 
of  polymer  chains  effectively 
increases  the  potential  energy 
for  the  system.  By  reducing  the 
degrees  of  freedom  for  the  poly¬ 
mer  chains  as  a  whole,  as  a  re¬ 
sult  of  pigmentation,  the  close 
packing  of  polymer  chains  could 
enter  into  a  more  ordered  state 
(decrease  in  total  entropy)". 

Ziegel  and  Romanov  [18]  modified 
the  Kerner  equation  to  take  into 
account  the  volume  of  filler  and 
the  thickness  of  the  adsorbed 
layer  of  polymer  surrounding  the 
particulate  material. 

E'^  /  E^  =  [1  B^]  -  1  (3) 

where  E^  /  E"  is  the  reduced 
storage^modulus,  the  volume 
fraction  of  filler  and  B  is  a 
correction  factor  for  the  inter¬ 
phase  (equal  to  one  if  no  Inter- 
phaslal  effects  are  present), 
and  n  is  a  dimensionless  factor. 
The  data  for  the  systems  vlton/ 
HiSil^  (a  fine  particle  grade 
of  silica)  and  glass  beads  of 
20  -  60/lm  in  size  are  shown  in 
Figure  11  .  In  both  cases  the 
value  for  B  is  greater  than  one  (1) 
indicating  the  presence  of  layer 
of  polymer  with  stiff er  proper¬ 
ties  than  in  the  bulk.  It  is 
Interesting  that  even  for  parti¬ 
culate  material  whose  particle 
size  is  as  large  as  the  glass 
bead  or  conversely  such  small 
surface  area  an  Interphasial  ef¬ 
fect  occurs. 
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Fracture  mode  studies  such  as 
reported  by  DeVries(23)  and  others 
[Drzal  3.  Adh  J8  46  (1985)1(24) 
on  epoxy  systems  and  other  poly¬ 
mer  based  adhesives  show  that 
the  fracture  front  though  ini¬ 
tially  started  at  the  inter¬ 
face  moves  away  from  it  as  the 
fracture  propagates  indicating 
that  less  energy  is  required  to 
proceed  in  the  region  where  the 
interphase  has  tapered  off. 

Summary:  There  is  abundant  evi¬ 
dence  obtained  from  studies  of 
many  different  adhesive/substrate 
systems  to  establish  the  presence 
of  an  interphasial  region  within 
the  polymer  matrix  whose  prop¬ 
erties  differ  from  the  bulk. 

This  interphacial  region  is  be¬ 
lieved  to  arise  originally  from 
the  looped  configuration  of  poly¬ 
mers  adsorbed  initially  on  the 
surface.  These  loops  which  arise 
as  a  result  of  the  lack  of  reg¬ 
istration  between  the  adsorbed 
polymer  moieties  and  the  active 
sites  on  the  substrate  exclude 
sufficient  free  volume  for  the 
adjacent  molecules  causing  ef¬ 
fects  that  resemble  those  en¬ 
countered  in  chemically  cross 
linked  systems. 

It  is  proposed  that  the  extent 
and  dimensions  and  properties 
of  the  interphase  determine  the 
ultimate  adhesive  strength  of 
bonded  assemblies.  The  dimen¬ 
sions  of  these  regions  may  be 
calculated  by  the  use  of  such 
relationships  as  the  Flory- 
Stannett  equation.  In  this  way 
a  figure  of  merit  may  be  ob¬ 
tained  for  systems  of  interest 
which  will  aid  in  the  study  of 
bonded  structures  and  composites. 

This  effort  has  been  started  at 
Kent  State  University  in  Ohio. 
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SILANE  PRIMERS  FOR  EPOXY  ADHESIVES 


Dr.  Edwin  P.  Plueddemann 
Dow  Corning  Corporation 
3901  S.  Saginaw  Road 
Midland,  MI  48640 


1 .  INTRODUCTION 

Silane  coupling  agents  are 
available  for  Improved  bonding 
of  mineral  fillers  and 
reinforcements  to  all  common 
thermosetting  and  thermoplastic 
polymers(l).  A  major 
application  for  such  silanes  is 
as  finishes  on  fiberglass  cloth 
for  the  production  of  epoxy 
laminate  circuit  boards (2) 
(Figure  1) .  The  same  silanes 
have  been  used  as  additives  or 
primers  for  structural  epoxy 
adhesives  on  glass  and  metals. 
A  study  by  Andrews (3)  shows  that 
silane  coupling  agents  change 
the  rate  of  deterioration  of 
epoxy-glass  bonds  by  immersion 
in  water,  but  do  not  prevent 
ultimate  failure  (Figure  2) . 
Rather  than  to  attempt  to  form  a 
perfect  bond  across  a  composite 
interface,  it  is  more  practical 
to  design  a  bond  that  will  be 
stable  under  moist  conditions 
for  a  reasonable  time.  A  goal 
is  set  for  a  bond  that  is  stable 
for  1000  years  under  humid 
conditions  at  room  temperature. 

A  simple  accelerated  test  for 
adhesion  that  is  useful  for 
rapid  screening  of  adhesion 
promoters,  is  to  cure  a  thin 
film  of  polymer  on  primed  glass 
microscope  slides  or  metal 
coupons  and  soak  in  water  until 
the  film  can  be  loosened  with  a 
razor  blade.  Diffusion  of  water 
to  the  interface  is  almost 
immediate  in  this  test.  Time  to 
failure  may  differ  several 
thousand-fold  between  unmodified 
epoxy  adhesives  and  silane 
modified  epoxies.  Further  work 
is  planned  to  correlate  results 
of  thin  film  humidity  tests  with 
performance  tests  under  cyclic 
loading  and  under  conditions  of 
constant  creep. 

There  are  a  multitude  of 
commercial  epoxy  formulations 
using  a  wide  range  of  curing 


agents  and  recommended  curing 
conditions.  Each  formulation 
seems  to  respond  differently  to 
silane  adhesion  promoters  so 
that  it  is  not  possible  to 
recommend  any  silane  as  'best' 
adhesion  promoter  for  epoxies. 

It  is  hoped  that  a  series  of 
screening  tests  with  several 
epoxy  formulations  might  be 
helpful  in  suggesting  which 
silanes  might  be  most  likely 
candidates  for  practical 
adhesion  applications. 

2 .  METHODS 

Fisher  brand  12-550-11  pre¬ 
cleaned  microscope  slides  were 
used  directly  from  the  box. 
Primers  were  prepared  by 
diluting  commercial  silanes  to 
about  20%  solids  in  isopropanol 
(Table  I) .  Neutral  silanes  were 
catalyzed  by  adding  1% 
diamino-functional  silane 

(Z-6020)  based  on  total  silane. 

A  2%  solution  of  aluminum 
secondary  butoxide(4)  (Chattem 
Chemical)  in  toluene  was 
compared  with  silane  primers  for 
some  epoxides.  Klmwipes  tissue 
paper  (Kimberly  Clark)  were 
moistened  with  primers  and  wiped 
on  the  microscope  slides  or 
metal  coupons  to  be  tested. 
After  15  minutes  at  room 
temperature,  an  epoxy 

formulation  was  troweled  on  the 
primed  surface  with  a  spatula  to 
give  films  about  0.2  to  0.5  mm 
thick.  After  curing  the  epoxy, 
as  indicated,  the  composite  was 
placed  in  water  (70°C  or 
boiling)  and  tested  periodically 
by  attempting  to  loosen  the  film 
with  a  razor  blade.  Primers 
were  rated  according  to  the 
relative  length  of  time  the  film 
retained  adhesion.  Ratings 
were; 

-  not  recommended,  although 
performance  may  have  been 
considerably  better  than 
,  a  control 


+  good,  significantly 

better  than  the  control  - 
as  much  as  a  hundred  fold 
increase  In  time  to 
failure 

++  very  good,  up  to  a 

thousand- fold  improvement 
over  the  control 

+++  outstanding,  best  of  the 
series.  When  several 
primers  showed  no  failure 
they  were  all  rated  ++ 

3 .  EPOXY  FORMULATIONS 
A  technical  grade  of  diglycidyl 
ether  of  bisphenol  A,  DER  331, 
(Dow  Chemical  Co.),  epoxy 
equivalent  weight  177-188  was 
used  in  all  home-made 
formulations.  Curing  agents 
Included: 

DEH-24  (Dow  Chemical  Co.) 
Triethylene  tetramine 
eq,  wt.  =  24 

DEH-26  (Dow  Chemical  Co.) 
Tetraethylene  pentamlne 
eq.  wt.  =  26 

Versamlde-125  (General  Mills) 
Amine  polyamide  eq.  wt.  =  190 
DMP-30  (Rohm  &  Haas) 

tris-dlmethylaminophenol  used 
at  10  parts  per  hundred  resin 
(phr)  for  room  temperature 
cure 

m-phenylenedlamine  used  at  14 
phr 

Diamlnodlphenylsulfone  used  at 
33  phr 

Dodecenylsucclnic  anhydride 
(Humphrey  Chemical  Co.) 
eq.  wt.  =  270 

Nadicmethylanhydride  (Allied 
Chemical)  eq.  wt.  =  180. 
Anhydrides  were  used  in 
stoichiometric  amounts 

A  few  commercial  epoxy 
formulations  were  also  tested 

Cycom  985  American  Cyanimide, 
Wayne,  NJ,  60  min,  180°C 


EC-2290  3-M,  St.  Paul, 

Minn.,  40  min.  at  ISO^C 
Fiberite  976  Fiberlte  Corp, 
Winona,  Minn.,  30  min,  180°C 
LR  100-713.3  Hysol  Dlv.  Dexter 
Corp,  Industry,  CA,  Room 
temp.,  14  days 
Magnabond  6388.3  Magnolia 
Plastics,  Chamblu,  GA,  room 
temp.,  14  days 
900000-568  Fenwal  Inc., 

Ashland,  MA,  room  temp.,  14 
days 

Cyracure  Union  Carbide  Corp., 
Danbury,  CT,  U.V.  plus  1  hr 
lOO^C 

Gougon  Gougon  Brothers,  Bay 
City,  MI,  room  temp.  4  days 
Smooth-on  EA-40  Smooth-on, 

Inc.,  Gillette,  NJ,  3  hrs. 

70°C 

4 .  RESULTS 

A  few  typical  epoxy  formulations 
with  standard  curing  agents  were 
tested  on  glass  microscope 
slides  as  indicated  in  Table  II. 
Simple  amino-functional  silanes, 
which  are  commonly  used  as 
adhesion  promoters,  are  not 
recommended  with  most  of  these 
formulations.  A  modified  amine 
functional  silane  (Z-6032)  or  a 
mixture  of  PhSi(OMe)^,  with  an 
aminofunctional  silane  (Xl-6100) 
are  greatly  superior  for  most  of 
the  epoxies.  Surprisingly  good 
results  were  obtained  with 
chloropropyl  silane  (Z-6076)  and 
a  silane  modified  melamine  resin 
(Ql-6106) . 

Similar  tests  were  run  on  primed 
glass  and  aluminum  with  six 
different  commercial  epoxy 
formulations  with  somewhat 
similar,  but  better  overall 
results  (Table  III) .  High 
temperature  epoxies,  in  general, 
gave  better  bonds  than  room 
temperature  curing  formulations. 
Rather  exceptional  adhesion  was 
shown  with  Fenwal ’s  room 
temperature  curing  system  on 
Z-6040  primed  glass  or  aluminum. 
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After  14  days  In  boiling  water, 
the  aluminum  coupon  was  bent  90" 
to  crack  the  epoxy  coating 
without  loss  of  adhesion. 
Hysol,  and  Magnabond  adhesives 
gave  exceptionally  good  bonds  to 
Xl-6100  primer  on  glass,  ceramic 
or  epoxy  laminate  surfaces. 
Aluminum  butoxlde  primer  was 
also  very  good  with  these 
epoxies,  but  not  generally 
useful  with  other  formulations 
of  this  series. 

Some  of  the  silanes  were 
compared  as  primers  and  as 
additives  to  Magnabond  6388-3 
adhesive  on  glass  (Table  IV) . 
Amlnosllanes  (Z-6020  and  Z-6032) 
were  much  more  effective  as 
additives  than  as  primers.  The 
mixed  silane  (Xl-6100)  was  very 
effective  as  a  primer,  but  not 
as  1%  additive.  The  major 
component  [PhSl (OMe) 2) ]  In 
Xl-6100  would  not  be  expected  to 
be  an  adhesion  promoter  unless 
It  was  cohydrolyzed  with  a 
reactive  silane  to  form  mixed 
slloxane  oligomers  with  reactive 
sites  for  bonding. 

Silanes  were  also  compared  as 
primers  and  as  additives  with 
Smooth-on  EA-40  adhesive  cured  3 
hours  at  VO^C  on  glass  (Table 
V) .  An  aminosilane,  Z-6020,  was 
very  effective  as  an  additive, 
but  not  recommended  as  a  primer. 
A  chloropropyl  silane,  Z-6076, 
was  very  effective  as  a  primer 
but  not  as  an  additive  in  this 
system. 

Silane  additives  were  studied 
more  extensively  in  a  series  of 
room-temperature  curing  epoxies 
supplied  by  Gougon  Brothers 
(Table  VI) .  Z-6040  seemed  to  be 
the  best  additive,  although 
Z-6020  and  Ql-6106  maintained 
adhesion  with  two  resins  to  the 
limit  of  the  test  (12  hours  in 
boiling  water) . 


It  has  recently  been  disclosed 
that  performance  of  any  silane 
adhesion  promoter  can  be 
Improved  by  adding  to  it  a 
crosslinking  silane(5).  The 
compound,  bls-trimethoxysllyl- 
ethane,  (Meo) 2SiCH2CH„Si (OMe) ^ , 
was  considered  most  “likely  to 
succeed  as  a  commercial  cross¬ 
linker  and  was  tested  with 
Z-6020  and  with  Z-6040  In 
primers  for  room-temperature 
curing  epoxies  (Table  VII) . 
With  this  crosslinker,  it  was 
possible  to  formulate  primers 
that  provided  bonds  that 
resisted  70®C  water  for  over  a 
week.  Z-6040  required  less 
crosslinker  than  did  Z-6020  to 
provide  water-resistant  bonds  to 
glass.  The  crosslinker,  itself, 
was  a  creditable  adhesion 
promoter  in  these  systems, 
although  it  is  not  effective 
alone  with  some  pol3nners. 


Mixtures  of  crosslinker  with 
diamine-functional  silane, 

Z-6020,  were  used  as  sole  curing 
agents  for  epoxy  adhesives 
bonded  to  glass  and  to  steel. 
Z-6020,  itself,  provided  better 
adhesion  than  the  simple 
aliphatic  amine  CgH  NHCH  CH^NH^ 
of  comparable  functionality  and^ 
molecular  weight.  Water 

resistance  of  bonds  was  improved 
significantly  more  by  adding 
crosslinker  to  Z-6020  curing 
agent  (Table  VIII) . 


Ultraviolet  light-cured  cyclo¬ 
aliphatic  epoxide  formulations 
are  available  from  Union 
Carbide  Corp.  These  materials 
use  arylsulfonium  salts  as 
initiators  that  are  stable 
under  normal  conditions  but 
release  cationic  initiators 
(BF  or  PF  )  when  exposed  to 
ultraviolet^ light (6) .  In  the 
presence  of  generated  cationic 
species,  very  rapid  polymeriza¬ 
tion  takes  place. 
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Two  formulations  were  tested 
with  silane  adhesion  promoters 
as  primers  and  or  additives. 

Mix  A 


Cyracure  Resin  UVR-6110  96 

Cyracure  Flexibilizer  UVR-6351 
Cyracure  Initiator  UVl  6990  4 

Thin  films  (0.1  to  0.5  mm)  on 
glass,  aluminum  and  steel  were 
passed  under  twin  lamps 

(intensity  30.92  Mw/cm^)  through 
a  61.25  cm  path  at  a  rate  of  10 
feet  per  minute.  Films  were 
tack-free,  but  were  generally 
given  an  after  cure  of  one  hour 
at  100®C.  Of  the  standard 
silanes  tested,  all 

amino-functional  silanes  were 
completely  unsulted  since  they 
inhibited  the  cure.  Of  the 
other  silanes,  several  showed 
significant  Improvement  in 
adhesion  to  glass  (Table  IX) . 
Unprimed  adhesion  to  aluminum 
was  fairly  good  and  further 
improved  by  adding  1%  silane  to 
the  formulation.  None  of  the 
films  retained  adhesion  very 
well  to  steel  in  70®C  water 
(Table  X) .  Fluoride  ions 
derived  from  the  initiator  may 
be  detrimental  for  bonding  to 
glass  and  steel,  while  they  may 
benefit  adhesion  to  aluminum  by 
producing  an  insoluble  aluminum 
fluoride  surface. 

5.  CONCLUSIONS 

Water  resistant  bonds  are 
possible  between  epoxy  adhesives 
and  glass  or  metals  with  the  use 
of  proper  silane  adhesion 
promoters.  Accelerated  tests  on 
thin  films  of  adhesive  on  glass 
and  metal  often  provide  over  a 
thousand- fold  improvement  over 
unmodified  adhesives.  This 
extrapolates  to  structural 
adhesive  systems  that  can  be 
guaranteed  to  resist 

delamination  by  moisture  for  a 
thousand-year  exposure  to 


ordinary  temperatures  and 
humidities.  More  severe  tests 
(e.g.,  pressure  cooker, 

(Hard)  Mix  B  (Flexible) 

67 

29 

4 

retention  of  electrical 
resistivity,  etc.)  will  be 
needed  to  establish  the  limits 
of  some  of  the  better  systems. 

Adhesion  to  metals  other  than 
aluminum  and  steel  should  be 
studied,  although  experience 
suggests  that  silane  adhesion 
promoters  are  effective  on  all 
structural  metals  including 
nickel,  magnesium,  silver  and 
gold. 
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X  retention 


Figure  1.  The  effect  of  boiling  water  on  flexural 

strengths  of  epoxy-glass  fabric  laminates 

Adhesion 
log  a  0 


Figure  2.  Pyrex  blocks  bonded  with  silane-modified  epoxy 
(1)  no  silane,  (2)  0.05Z  Z-6040,  (3)  O.OSZ  Z-6020 
(4)  O.IOZ  Z-6040,  (5)  1.0%  A-llOO 

Broken  line  indicates  time  for  transition  from  cohesive  to 
adhesive  failure 

a  “  plasticiztion  factor  for  epoxy  saturated  with  water 
0  “  adhesive  energy  (J  m”’) 
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Comroerclal  D.  C. 
Designation 


Organofunctional  Group 
on  Silicon 


Z-6020 

Ethylenedlamlne 

Z-6030 

Methacrylate 

Z-6032 

Cationic  Styryl 

Z-6040 

Epoxy 

Z-6062 

Mercaptopropyl 

Z-6076 

Chloropropyl 

Z-6011 

Primary  Amine 

Ql-6106 

Silane-modified  Melamine  Resin 

Xl-6100 

9/1  mix  PhSl(OMe) ^/Z-6020 

Al(O-s-Bu) , 

Non-silane 

Q9-6300  ^ 

Vinyl 

TABLE  1. 

Representative  Silane  Adhesion  Promoters 


DETA 

TEPA 

DMP-30 

Versamlc 

Nadlc-Me 

mPDA 

DADPS 

Primer/Cure 

r.t. 

SO'C 

r.t* 

r.t. 

Anh.  150' 

150' 

00 

o 

o 

Z-6020 

— 

- 

+ 

- 

+ 

- 

Z-6030 

++ 

- 

+ 

- 

+ 

+  + 

+ 

Z-6032 

+ 

+  + 

+++ 

+ 

+ 

+  + 

++ 

Z-6040 

+++ 

+  4- 

+ 

++ 

+ 

+  + 

+ 

Z-6062 

++ 

+ 

- 

+ 

- 

+ 

+ 

Z-6076 

++ 

+  +  + 

+ 

+ 

+ 

+  +  + 

+++ 

A-llOO 

- 

- 

- 

- 

- 

- 

- 

Xl-6100 

++ 

+ 

++ 

- 

+ 

+  •4 

Ql-6106 

++ 

+  + 

++ 

+++ 

+  +  + 

- 

- 

Al(s-BuO) 
Limits  of^H^O 

+ 

....7 

days  at 

70°C - 

14  days 

7  days 

boil 

at  lO'C 


TABLE  11. 

Silane  Primers  lor  Epoxies  on  Glass 


Commercial 

Hysol  LR 
100-713.3 

Magnabond 

6388-3 

Amer.  Cy 
985 

Cure  Conditions  14  days 

Silane  Primer 

r.t. 

150^C 

Z-6020 

Z-6030 

+ 

+ 

++ 

Z-6032 

+  + 

++ 

++ 

Z-6040 

+ 

++ 

Z-6062 

+ 

+ 

++ 

Z-6076 

+ 

+ 

++ 

A-llOO 

- 

+ 

++ 

Xl-6100 

++  + 

+++ 

++ 

Ql-6106 

+ 

+ 

++ 

Al(OsBu) 

+  + 

++ 

- 

Limits  of 

Test  15  days 

2A  days 

14  days 

70®C 

70*C 

boll 

3-M 

Flberlte 

Fenwall  900000-568 

EC-2290 

976 

to  glass 

to  A1 

180'C 

175®C 

r.t.  3 

days 

++ 

++ 

+ 

- 

++ 

++ 

++ 

+ 

+ 

- 

++ 

++ 

+++ 

+++ 

++ 

++ 

++ 

++ 

+ 

+ 

+ 

++ 

++ 

++ 

- 

+ 

++ 

++ 

_ 

+ 

14  days 
boil 

14  days 
boil 

24  days 

boil 

TABLE  III  Silane  Primers  for  Commercial  Epoxy  Formulations  (on  glass) 
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Silane 

Primer 

IX  Additive 

Z-6020 

+ 

+++ 

Z-6032 

+ 

++ 

Z-6062 

+ 

- 

Xl-6100 

+++ 

- 

Ql-6106 

+ 

+ 

TABLE  IV. 

Compare  Silane  Primers  to  Additives 
(Magnabond  6388—3  to  Glass) 


Silane  Adhesion 

Primer  on 

2Z  Additive 

Promoter 

Glass 

to  Resin 

Z-6011 

- 

Z-6020 

- 

+  + 

Z-6030 

+ 

Z-60A0 

++ 

+  + 

Z-6062 

+ 

Z-6076 

++ 

- 

Xl-6100 

++ 

+ 

Ql-6106 

- 

- 

TABLE  V. 

Smooth-on  EA-AO  Cured  3  Hrs.  at  70®C 
on  Glass  (Relative  Adhesion  in 
70’C  Water) 


Epoxy /Hardene  r^  ^  ^ 

iX  Silane  Additive 

None 

Z-6020 

Z-60A0 

Xl-6100 

QI-6106 


105/205  105/206  XA-3100/XG1A  XA-313A/XG1B 

_ Time  to  Failure  In  Bolling  Water  (Hours) - 

0.1  0.05  1  1 

12  6  c  c 


c  -  no  failure  In  12  hours  (tests  discontinued) 

(1)  Products  of  Gougon  Brothers,  Bay  City,  Michigan 


TABLE  VI,  Silane  Additives  to  Commercial  Epoxies  on  Glass 
(Cure  A  days  at  Room  Temperature) 
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Primer  on  Glass 


Polyamide 


DMP-30 


DEH-24 


None 

Z-6020 

9/1  Z-6020-Bls 
.8/2 
6/4 
1/1 
1/9 

Bis-alone 

Z-6040 

9/1  Z-6040-Bi8 

8/2 


Bis  -  (CH  0)^S1CH  CH^SKOCH^) 
c  «  No  failure  after  one  week 


2  2  '’  3'' 3 

fcer  one  week  In  TO'C  water 


TABLE  VII.  Room-Temperature-Cured  Epoxy  Films  on  Glass 
(Hours  in  70'C  Water  to  Lose  Adhesion) 


(Stoichiometric  Mix  with  DER-667  Cured  4  Hrs.  at  70’C) 

Adhesion  to  coupons  in  lO’C  Water 


Composition  of 
Curing  Agent 


Aliphatic  diamine  (no  SI) 
Z-6020 

9/1  Z-6020/cro8ellnker 

1/1 

1/9  "  '• 


C.  R,  Steel 

<4  hours 

2  days 

3  days 
5  days 

>5  days 


Glass 

2  hours 

1  day 

2  days 
2  days 

<5  days 


TABLE  VIII. 

Amlnosllane  Mixtures  as  Curing  Agents  for 
Adhesion  to  Steel  and  Glass 
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Silaae  Primer 

Rigid 

Flexible 

on  Glass 

formulation 

formulation 

None 

IS  min. 

IS  min. 

Z-6030 

4  hra. 

30  min. 

Z-6040 

4  hra. 

2  hra. 

Z-6062 

1  hr. 

2  hra. 

Z-6076 

30  min. 

2  hra. 

VlSKOCB.'), 

6  hra. 

4  hra. 

Al<Ot). 

30  adn. 

30  min. 

Table  IX.  Cyacure  (UV  curable)  Epoxies  on  Glass 
(UV  Exposure  +  1  Hr-  100*C  Oven) 

Time  for  loss  of  adhesion  In  70*C  water 


U  Addiclve 
to  Fcmulstlon 


Time  for  loss  of  adhesion  In  70*C  water 


Id  formuletion 


Flexible  formulatloa 


Hss|t«*4mAjl 

Claes 

Al»mla<» 

C.r.  Steel 

Class 

Alualaue 

c.r.  Steel 

Kooe 

IS  m. 

6  hr. 

30  m. 

15  m. 

4  hr. 

15  a. 

Z-«030 

30  «. 

c 

1  hr. 

1  hr. 

1  day 

1  hr. 

Z-6040 

2  hr. 

c 

1  hr. 

30  a. 

C 

30  a. 

Z-6076 

2  hr. 

c 

1  hr. 

1  hr. 

4  days 

1  hr. 

TlSi(0CH,). 

2  hr. 

c 

2  hr. 

6  hr. 

C 

90  a. 

(Ca.O) *S1CH,CH,81(0CU,) 

•6  hr. 

c 

1  hr. 

2  hr. 

C 

1  hr. 

Ql-6106 

1  hr. 

4  days 

30  a. 

45  a. 

6  hr. 

15  a. 

C  “  adhesion  good  after  4  days  in  70*C  water 


Table  X.  Cyacure  (UV  curable)  Epoxy  on  Glass,  Al,  and  c.r.  Steel 
(UV  exposure  +  1  hr.  lOO'C  postcure) 
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Inorganic  Adhesive  Primers: 
Adhesive  Bonding  To  Titanium 

R.  A.  Pike,  F.  P.  Lamm  and  J.  P.  Pinto 


United  Technologies 
East  Hartford 

ABSTRACT 

The  use  of  inorganic  primers  in 
adhesively  bonded  joints  offers 
an  alternate  approach  to  standard 
resin  based  organic  primers  or 
coupling  agents  for  improving  the 
environmental  resistance  of 
bonded  structures.  The  inorganic 
primers  investigated  to  date, 
formed  by  hydrolysis  of  metal 
alkoxides  on  a  treated  adherend 
surface  are  equally  effective 
after  room  or  elevated  tempera¬ 
ture  conversion  to  the  hydrated 
oxide  form  indicating  potential 
application  for  field  repair 
situations.  Surface  analysis 
suggests  that  the  resulting 
primer  when  formed  on  aluminum  is 
a  stable  form  of  an  amorphous 
Boehmite  [Al(0)0H]x  which  can 
form  on  exposure  of  the  alkoxide 
to  limited  amounts  of  moisture. 
Examples  demonstrating  the 


Research  Center 
CT  06108 

influence  of  adhesive  composition 
and  metal  surface  treatment  for 
titanium  adherends  on  the  effec¬ 
tiveness  of  inorganic  primers  are 
presented  and  possible  causes  for 
use  of  preferred  combinations 
discussed. 

1 .  INTRODUCTION 

As  the  recognized  advantages  of 
adhesively  bonded  structures, 
including  weight  and  manufac¬ 
turing  cost  benefits,  lead  to 
increased  use  of  these  systems  in 
the  automotive,  aircraft,  aero¬ 
space  and  marine  associated 
industries  the  need  to  achieve 
improved  levels  of  environmental 
and  temperature  resistance  is  a 
challenge  to  both  adhesion  and 
surface  scientists  as  well  as  the 
manufacturing  engineer. 

Bond  integrity  is  associated 
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with  the  inter facial  adhesion  in 
a  bonded  joint  and  related  to 
oxide  hydrolyic  stability,  which 
is  generally  believed  to  be  the 
limiting  factor  in  bond 
durability. 1  Thus,  improvements 
in  oxide  stability  usually  result 
in  improved  durability  as 
measured  by  wedge  crack  tests. 
Such  improvements  for  aluminum 
which  have  been  reported  to  date 
include  coating  Forest  Products 
Laboratory  (FPL)  acid-treated 
surfaces  with  phosphorous  nitrilo 
compounds^  and  phosphoric  acid 
dip  treatments  on  chromic  acid 
anodized  (CAA)2  and  sulphuric 
acid  anodized  (SA)^  surfaces. 
These  post-anodizing  treatments 
do  not  alter  the  rough  topography 
(in  fact,  they  enhance  the 
surface  roughness) 3  of  the 
anodized  surfaces,  in  marked 
contrast  to  the  generation  of  a 
relatively  smooth  oxide  surface 
when  the  inorganic  amorphous 
primer  is  employed.  Surface 
treatments  for  titanium  alloys 


have  also  been  evaluated  and 
ranked  in  terms  of  moisture 
resistance.**  Those  which  form 
micro  rough  surfaces  such  as  CAA 
or  sodium  hydroxide  anodizing 
methods  have  been  found  to  be 
superior  to  acid  etching 
procedures  such  as  phosphate 
fluoride . 

An  investigation  of  the  effect 
of  substituting  the  normally  used 
organic  primer  in  a  bonded  system 
with  an  amorphous  aluminum  oxide 
primer  was  undertaken  at  UTRC  to 
determine  if  the  application  of  a 
relatively  smooth  pristine  oxide 
coating  on  a  treated  surface 
would  effectively  function  as  a 
primer  in  an  adhesively  bonded 
structure . 

The  objectives  of  the  investi¬ 
gation  are  (a)  to  find  an  effec¬ 
tive  primer  system  which  elimi¬ 
nates  the  use  of  environmentally 
undesirable  chromium  containing 
compounds  (b)  improve  the  envi¬ 
ronmental  resistance  of  bonded 
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structures  and,  (c)  define,  if 
possible,  the  relative  roles  of 
mechanical  interlocking,  chemical 
bonding  and  physical  forces 
(acid-base  interaction)  in 
adhesion  and  determine  the 
factors  which  control  these 
phenomenon  in  bond  formation. 

The  effect  of  substituting  the 
normally  used  organic  primer  with 
an  amorphous  inorganic  aluminum 
oxide  primer  on  the  tensile  lap 
shear  and  T-peel  strength  of 
adhesively  bonded  aluminum  was 
shown  to  result  in  equivalent  wet 
and  dry  strengths  for  both  primer 
systems. 5  This  result  was  not 
predictable  based  on  the  rela¬ 
tively  smooth  topography  of  the 
inorganic-primed  surface  since 
the  honeycomb-whisker  protrusions 
related  to  enhanced  bond  strength 
in  phosphoric  acid  anodized  (PAA) 
systems  compared  to  FPL  etch 
treatments,  were  not  available  to 
provide  a  high  degree  of 
mechanical  interlocking . ^ 


Evidence  that  the  inorganic 
concept  is  capable  of  improving 
the  environmental  stability  of 
adhesively  bonded  titanium 
adherends  has  been  reported. ^ 

The  extent  of  improvement  over  a 
non-primed  adherend  was  shown  to 
be  dependent  on  the  surface 
treatment  employed. 

A  preliminary  hypothesis  in  the 
use  of  inorganic  primers  on  metal 
oxide  surfaces  was  that  the  most 
effective  alkoxide  would  be  the 
material  which  matched  the 
adherend  surface  oxide,  i.e. 
titanium  alkoxides  would  be 
superior  to  aluminum  alkoxide  on 
titanium  adherends.  In  some 
instances,  this  has  not  proven  to 
be  the  case.  Studies  at  Virginia 
Tech^  have  shown  that  the  primer 
generated  from  aluminum  alkoxide 
was  markedly  more  effective  as  an 
inorganic  primer  than  a  titanium 
alkoxide  for  bonding  titanium  6-4 
wedge  specimens  which  were 
treated  with  phosphate  fluoride 
etch. 
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This  paper  presents  evidence 
relating  to  the  effect  of  one 
surface  treatment,  Pasa-Jel  107, 
on  the  effectiveness  of  these 
same  inorganic  primers  to  improve 
adhesion  of  epoxy  and  polyimide 
bonded  titanium  joints. 

2.  EXPERIMENTAL  PROCEDURES 
Titanium  6-4  alloy  was  solvent 
cleaned,  grit  blasted  and  etched 
20  minutes  using  Pasa-Jel  107 
from  SEMCO  Div.  of  Products 
Research  &  Chemical  Corp.  The 
inorganic  primer  was  formed  by 
applying  a  one  percent  toluene 
solution  of  E-8385  sec-butyl 
aluminum  alkoxide  or  n-butyl 
titanium  alkoxide  from  Stauffer 
Chemical  Co.  to  the  treated 
surfaces.  The  alkoxide  was 
converted  to  oxide  primer  by 
heating  at  lOO'C  for  30  minutes. 
Hysol  EA-9205,  American  Cyanamid 
BR-161  epoxy  and  LARC-TPI 
polyimide  primers  were  used  for 
control  samples. 

Adhesively  bonded  joints  were 


prepared  using  scrim  supported 
Hysol  EA-9649,  American  Cyanamid 
FM300  and  FM330  and  LARC-TPI 
prepared  as  described  by  Progar.^ 
Wedge  crack  tests  were  carried 
out  according  to  ASTM  D-3762  at 
71“C/95%  relative  humidity. 
Exposure  times  ranged  up  to  175 
hrs.  Crack  lengths  were  measured 
under  20X  magnification  in 
millimeters . 

Contact  angles  of  each  neat 
resin  were  measured  from  enlarged 
photographs  of  sessile  drops 
obtained  by  heating  droplets 
deposited  on  the  metal  treated 
surface  up  to  177‘’C  with  and 
without  inorganic  or  organic 
primer  coatings. 

3.  RESULTS  AND  DISCUSSION 
3 . 1  Epoxy  Adhesives 

The  use  of  the  Pasa-Jel  107 
etch  treatment  with  the  Hysol  EA- 
9649  adhesive  gave  a  substantial 
improvement  in  crack  propagation 
compared  to  the  phosphate/ 
fluoride  etch  with  the  aluminum 
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and  titanium  based  inorganic 
process.  As  with  aluminum  the 
inorganic  primed  adherends  were 
superior  to  the  organic  epoxy 
Hysol  EA-9205  primer.  The 
results  of  these  tests  are  shown 
graphically  in  Fig.  1.  The 
failure  mode  of  the  organic 
primed  specimens  was  adhesive 
between  adhesive  and  primer;  the 
inorganic  primed  specimens  failed 
adhesively  with  tearing  in  the 
scrim  cloth. 

It  was  anticipated  that  since 
the  inorganic  primer  surface 
probably  consists  of  a  high 
degree  of  Al-OH  or  Ti-OH  units 
compared  to  the  surface  generated 
by  the  Pasa-Jel  treatment  that 
there  may  be  a  variation  in 
response  of  adhesive  systems  in 
terms  of  wetting  and  spreading 
which  would  ultimately  affect  the 
level  of  adhesion  as  has  been 
reported  for  aluminum/ adhesive 
systems . ® 

Two  other  adhesive  systems,  FM- 


300  and  FM-330  have  been 
evaluated  on  titanium  inorganic 
primed  adherends  using  BR-161 
organic  primer  as  the  control. 

The  wedge  crack  test  results  are 
listed  in  Table  I  and  II  respec¬ 
tively. 

These  results  showed  that  with 
the  FM-300  adhesive  the  aluminum 
alkoxide  primer  was  superior  to 
the  titanium  but  slightly  poorer 
than  the  organic  BR-161  system. 
This  suggested  that  the  adhesive 
wet  and  spread  easier  on  the  acid 
etched  surface  than  on  the 
alkoxide  primed  surfaces. 

These  results  showed  that  the 
FM-330  adhesive  gave  improved 
results  with  the  inorganic  primer 
compared  to  FM-300  and  using  1-2 
coats  was  slightly  superior  to 
the  organic  BR-161.  Tests  run 
with  EA-9649  adhesive  using  the 
aluminum  alkoxide  primer  showed 
essentially  the  same  difference 
in  crack  propagation  between  1 
and  4  coats  of  the  primer. 
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TABLE  I 


Wedge  Crack  Propagation  with  FM-300  Bonded  Titanium^ 
Primer  a^Cimn)  Crack  Propagation  (mm)^ 

BR-161  27  6.0 
A1  alkoxide  29  10.0 
Ti  alkoxide  30.5  18.6 


a.  Pasa-Jel  107  etched. 

b.  Values  average  of  3  tests;  in  general  ±1.0  mm  spread;  tested  at 
71'’C,  95%  RH,  270  hours. 


TABLE  II 

Wedge  Crack  Propagation  with  FM-330  Bonded  Titanium^ 
Primer  a^Cmm)  Crack  Propagation  (mm)^ 


BR-161 

31.0 

A1  alkoxide^ 

1  coat 

34 

2  coats 

33 

3  coats 

33.6 

4  coats 

35 

a.  Pasa-Jel  107  etched 

b.  Values  average  of  two  tests,  in 
at  71°C,  95%  RH  for  173  hours. 

c.  Each  coat  =  150  nra  thickness. 


To  determine  if  composition  of 
the  two  American  Cyanamid 
adhesives  might  play  a  role  in 
the  ability  to  wet  and  spread  on 
titanium  treated  and  primed 
surfaces  a  series  of  sessile  drop 


5.8 

4.6 

4.6 

6.6 

7.2 

general  ±1.0  mm  spread;  tested 

measurements  was  carried  out. 
FM-330  is  an  aluminum  filled, 
dicyandiamide/diaminodiphenyl 
sulfone  cured  adhesive  which 
contains  a  rubber  additive  which 
is  prereacted  with  either  the 
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base  epoxy  resin  or  the 
brominated  epoxy  present  in  the 
formulation.  FM-300  is  a 
titanium  oxide  filled  adhesive 
cured  with  the  same  catalyst 
system.  Both  films  are  supported 
on  a  polyester  open  net  weave 
scrim  cloth.  There  is  more 
rubber  additive  in  the  FM-300 
than  the  FM-330.  The  two  film 
adhesives  were  solvent  extracted 
(to  separate  the  filler  and 
support  scrim)  and  taken  to 
dryness  under  vacuum.  Small 
circular  drops  of  the  resulting 
semi-hard  resins  were  deposited 
on  the  respective  surfaces.  The 
almost  solid  drops  were  heated  to 
177*C  and  the  resulting  angles  of 
the  melted  resin  determined.  The 
results  are  listed  in  Table 
III. 

The  data  indicated  that  without 
primer  the  FM-330  wetted  the 
treated  titanium  surface  better 
than  FM-300.  The  latter  can  be 
considered  to  be  essentially  a 
nonwetting  condition.  With  the 


organic  primer  both  resins  gave 
the  same  low  contact  angle  which 
was  slightly  less  than  the  three 
resins  on  the  aluminum  alkoxide 
inorganic  primer.  Since  the 
results  indicated  good  spreading 
and  wetting  capability  of  the  two 
adhesives  on  the  inorganic  primed 
surfaces  the  reason  for  lower 
crack  propagation  performance  for 
the  FM-330  on  inorganic  primed 
titanium  remains  to  be  deter¬ 
mined.  One  possible  explanation 
may  be  that  in  FM-300  the  high 
level  of  rubber  additive  may 
impede  the  level  of  direct 
chemical  or  acid/base  interaction 
which  may  occur  between  resin  and 
primer.  However,  in  direct 
contrast  it  has  been  found  that 
with  inorganic  primed  6061 
aluminum  alloy  adherends  both 
resins  gave  very  low  cohesive 
crack  propagation  (1-2  mm  in  160 
hours)  values.  Clearly, 
additional  investigation  must  be 
carried  out  to  understand  the 
alloy  and  adhesive  composition, 
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surface  oxide  moisture  content, 
and  surface  treatment  effects 
which  control  the  function  of 
inorganic  primers. 

3,2  Polyimide  Adhesives 

LARC-TPI  has  shown  promise  as  a 
high  temperature  adhesive  for 
applications  in  aircraft  and 

spacecraft . xt  was  of 


interest  to  determine  the  wedge 
crack  response  of  this  adhesive 
to  inorganic  primers.  The 
unfilled  scrim  supported  adhesive 
was  used  to  bond  Pasa-Jel  treated 
titanium  adherends . 

The  results  of  several  tests 
are  listed  in  Table  IV. 


TABLE  III 

Contact  Angles 

of  Epoxy  Resin  on 

Titanium  Surfaces 

Surface 

Sessile  Drop' 

Treatment 

Adhesive 

Angle,” 

Pasa-Jel  107 

FM-300 

91 

Pasa-Jel  107 

FM-330 

32 

PJ-Al  alkoxide 

FM-300 

38.5 

FM-330 

34 

EA  9649 

38 

PJ-BR-161 

FM-300 

30 

FM-330 

29.5 

a.  Angles  measured  from  photographs  of  sessile  drop. 

TABLE  IV 

Wedge  Crack  Propagation  with  LARC-TPI  Bonded  Titanium^ 


Primer 


a^Cmm)^ 


Crack  Propagation 


(mm)^ 


Failure  Mode 


LARC-TPI 

27-30 

15-17 

adhesive/ cohesive 

Al-alkoxide 

27-29 

6. 2-9, 5 

cohesive  failure 

Al-alkoxide 

28 

7. 0-9.0 

cohesive  failure. 

(modified) 

Ti-alkoxide 

27-31 

9.5-12.7 

torn  scrim 
cohesive  failure 

a.  Pasa-Jel  107  etched 

b.  Range  of  four  tests 
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These  results  indicate  that  the 
inorganic  primer  approach  has  the 
potential  to  improve  the 
environmental  resistance  of 
polyimide  adhesive  bonded 
specimens  particularly  at 
elevated  temperatures  due  to  the 
demonstrated  heat  stability  of 
the  inorganic  primer. 

4.0  SUMMARY  AND  CONCLUSIONS 
Preliminary  studies  have  shown 
that  inorganic  primers  impart 
environmental  resistance  to 
adhesively  bonded  titanium. 

There  appears  to  be  a  greater 
affect  of  titanium  surface 
treatment  on  the  performance  of 
the  inorganic  primer  in  contrast 
to  aluminum  adherends.  The 
application  of  inorganic  primers 
to  polyimide  adhesively  bonded 
systems  has  been  demonstrated. 
Wetting  measurements  by  them¬ 
selves  are  not  sufficient  to 
explain  the  difference  found 
between  various  adhesives  when 
used  with  the  inorganic  primer. 
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INORGANIC  PRIMER  ON  TITANIUM  6-4 


Primer _ 

EA  9205 
Al  alkoxide 
Tetra  butyl  titanate 
0(57) 


Wedge  crack  test 
a^,  mm 

57.2 

31.1 

32.0 


Crack 

propaga¬ 

tion, 

mm 


Etch:  Pasa-Jell  107 
Adhesive:  EA  9649 
Adherend:  Titanium  6-4 


8  12  16  20  80  128  176 

Time  at  71®C,  95%  RH,  hrs. 
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ADHESIVE  BONDING  OF  SiC-REINFORCED  ALUMINUM  ADHERENDS 


D.  McNamara,  A.  Desai  and  T.  Fritz 
Martin  Marietta  Laboratories 
1450  South  Rolling  Road 
Baltimore,  Maryland  21227 


1.  INTRODUCTION 

Full  utilization  of  the 
improved  stiffness  and 
strength  of  SiC-reinforced 
aluminum  requires  developing 
effective  means  of  joining 
pieces  together.  Welding  and 
brazing  techniques  are  diffi¬ 
cult  to  apply  to  some  geomet¬ 
ries,  (1)  and  frequently  com¬ 
promise  the  properties  of  the 
joint.  For  many  applications, 
adhesive  bonding  would  be  an 
ideal  solution;  however,  no 
surface  perparation  treatment 
has  been  developed  for  SiC- 
reinforced  aluminum.  Con¬ 
ventional  aluminum  treatments 
produce  extremely  small  oxide 
protusions  that  serve  to 
"mechanically  interlock"  the 
adhesive  to  the  surface. 

Since  the  nature  of  the  sur¬ 
face  oxides  produced  by  these 
treatments  strongly  affects 
the  durability  of  the  struc¬ 
tural  bonds, (2)  the  presence 
of  SiC  in  the  aluminum  matrix 
could  result  in  severe  bonding 
problems.  Our  study  compared 
bonding  properties  of  standard 
6061  aluminum  substrates  with 
those  of  both  particle-  and 
whisker  SiC  reinforced  6061 
aluminum  to  determine  whether 
structural  adhesive  bonds 
could  be  made  with  SiC/Al  and 
which  bonding  treatments  would 
be  most  suitable. 


2.  TEST  PROGRAM 

A  four-phase  test  pro¬ 
gram  was  designed  to  rapidly 
assess  the  potential  of  a 
variety  of  common  surface- 
preparation  treatments  for 
aluminum  bonding  when  applied 
to  SiC/Al.  In  the  first 
phase,  electron  microscopy  was 
used  to  study  the  effect  of 
treatment  parameters  on  sur¬ 
face  oxide  morphology  to 
rapidly  assess  which  treat¬ 
ments  might  be  suitable  for 
SiC/Al.  In  the  second  phase, 
double-lap-shear  specimens 
were  used  to  measure  dry  ten¬ 
sile  strengths  of  bondments 
selected  to  further  evaluate 
pre-treatment  processes.  In 
the  third  phase,  wedge  tests 
were  conducted  to  select  the 
best  treatment/adhesive  combi¬ 
nation  for  use  in  phase  four, 
which  consisted  of  extended 
durability  testing  using  salt- 
spray-exposure  to  evaluate 
retained  strength,  and 
stressed-durabil ity  test 
coupons. 
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3.  RESULTS 

3. 1  Phase  I  -  Morphology 
Examination 

Nine  different  surface 
treatments  were  used  to  pre¬ 
pare  SiC/Al  surfaces  for  mor¬ 
phological  examination  using 
the  high-resolution  scanning 
mode  of  a  scanning  transmis¬ 
sion  electron  microscope.  The 
treatments  studied  are  listed 
in  Table  1.  Previous  work 
with  ordinary  aluminum  alloys 
was  used  for  benchmark  com¬ 
parisons.  (2, 3)  The  treated 
surfaces  of  the  whisker-  and 
particle-reinforced  materials 
generally  had  similar  oxide 
morphologies.  Although  both 
materials  exhibited  a  partial 
coverage  of  the  surface  by  SiC 
residue,  the  surface  of  the 
whisker-reinforced  SiC/Al 
appeared  to  be  covered  more 
completely  due  to  the  whis¬ 
kers'  greater  surface  area  per 
volume. 

We  varied  the  process¬ 
ing  parameters  to  reduce  the 
degree  of  residue  coverage  and 
to  improve  the  completeness 
and  depth  of  the  oxide  coat¬ 
ing.  We  found  that  residue 
coverage  was  directly  related 
to  the  degree  of  chemical 
etching  performed.  Unlike 
chemical  cleaning,  mechanical 
removal  effectively  eliminated 
SiC  residue.  Therefore,  we 
used  solvent  wipe  followed  by 
grit-blast  cleaning  as  the 
initial  treatment  for  all  pro¬ 
cesses  listed  in  Table  1  and 


did  not  use  any  chemical 
etches  before  the  final  treat¬ 
ments. 

The  treatments  studied 
fall  into  four  categorijes: 
mechanical  cleaning,  chemical 
cleaning,  bonding  etches,  and 
anodizations.  Grit-blasting 
is  generally  regarded  as  the 
most  effective  mechanical 
cleaning  treatment.  For 
SiC/Al  surfaces,  grit-blasting 
provided  a  characteristically 
rough  surface  that  was  indis¬ 
tinguishable  from  similarly 
treated  ordinary  aluminum,  or 
for  that  matter,  steel  sur¬ 
faces  (see  Fig.  1).  The  rough 
furrows  and  flakes  produced 
with  grit-blasting  are  fairly 
large-scale  features  compared 
to  the  micro-roughness  of 
oxides  that  .are  generally 
associated  with  good  bonding 
properties.  However,  it  is  an 
effective  method  of  providing 
a  clean  surface  for  bonding  or 
subsequent  treatment. 

An  alkaline  cleaner  and 
two  deoxidizers  were  used  for 
chemical  cleaning.  All  three 
cleaners  left  the  surfaces 
very  smooth,  which  is  not  con¬ 
ducive  to  good  bonding.  The 
Amchem  7-17  surface  shown  in 
Fig.  2  also  shows  the  build  up 
of  etch  residue  characteristic 
of  chemical  etches.  The  sur¬ 
faces  produced  by  chemical 
treatments  were  judged  to  be 
unsatisfactory  for  bonding, 
and  no  further  work  was  done 
with  them. 
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(a)  Medium-  and  (b)  high-magnification  electron 
micrographs  of  SiC/Al  particle-reinforced  material 
after  grit-blast  cleaning. 


Table  1 


Bonding  Treatment  Process  Specifications 


Solution 

Solution  Makeup 

Time 

Temperature 

(min) 

(“C) 

Turco  4125S 

160  g/L  4215,  10  ml/L  "S” 
additive 

20 

Amchem  7-17 

10  vol%  HNO3,  23  g/L  Amchem  7 

8 

R.T. 

Smut -Go  #1 

140  g/L  Smut-Go,  10  volZ  HNO3 

15 

R.T. 

FPL 

17  vol%  H2S0^, 

15 

65 

60  g/L  Na2H207  2H2O 

or  5 

65 

or  15 

R.T. 

or  4h 

R.T. 

P2 

370  g/L  H2SO,, 

150  gm/L  Fe2CS04)3 

20 

R.T. 

PAA 

10  vol%  H3P0^  at  lOV 

10 

or  5V 

R.T. 

CAA 

30  g/L  Cr03  at  40V  (applied  in 
5V/mln  steps) 

40 

35 

SAA 

10  vol%  H2S0^  at  15V 

20 

R.T. 

R.T.  -  room  temperature 
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We  tried  two  chemical 
etches  to  produce  a  surface 
suitable  for  bonding:  the 
traditional  Forest  Products 
Laboratory  (FPL)  process(4) 
and  the  newer  P2  etch. (5)  The 
morphology  of  the  oxide  grown 
on  the  exposed  metal  areas 
looked  very  similar  to  the 
shallow-cell  and  short -whisker 
morphology  normally  seen  on 
ordinary  aluminum  alloys. 
Figure  3  shows  the  surface  of 
an  FPL-treated  particle- 
reinforced  alloy;  the  P2 
surfaces  had  similar  oxide 
features.  Both  treatments 
provided  surfaces  that 
appeared  to  be  suitable  for 
bonding. 

Three  anodizing  treat¬ 
ments  were  studied:  phos¬ 
phoric  acid  anodization 
(PAA),(6)  chromic  acid  ano¬ 
dization  (CAA),(7)  and  sul¬ 
furic  acid  anodization 
(SAA).(8)  As  Fig.  4  shows, 
the  presence  of  the  SiC  during 
PAA  treatments  resulted  in 
shallower  and  more  porous 
oxide  structures  compared  with 
what  we  would  expect  from  ano¬ 
dized,  unreinforced  aluminum 
alloys.  Although  this  oxide 
is  thinner  than  normal,  it 
still  has  considerable  micro¬ 
roughness,  and  we  expect  it 
would  be  a  very  good  bonding 
surface.  CAA  oxides,  which 
typically  have  very  small 
pores  and,  therefore,  do  not 
interlock  as  well  with  adhe¬ 
sives,  also  were  much  more 
porous  on  the  SiC-reinforced 
material.  SAA  treatments,  on 
the  other  hand,  attacked  the 
SiC,  causing  an  exfoliation  of 


the  whiskers,  which  then 
increased  the  surface  resi¬ 
due.  Thus,  only  the  PAA  and 
CAA  treatments  appeared  to  be 
satisfactory  for  the  SiC- 
reinforced  alloy. 

3.2  Lap-Shear  Testing 

Double-lap-shear  speci¬ 
mens  were  prepared  using  four 
surface  treatments  chosen  from 
the  morphology  screening. 
Grit-blast  cleaning  was  used 
as  a  benchmark,  whereas  FPL 
and  P2  etches  and  PAA  were 
used  to  judge  the  effective¬ 
ness  of  these  "improved  pro¬ 
cesses"  for  SiC/Al.  Although 
the  oxide  morphology  of  the 
CAA  specimen  was  good,  CAA  was 
not  used  in  this  part  of  the 
study  because  it  is  a  rela¬ 
tively  difficult  treatment  to 
implement  and  offered  no 
advantage  over  the  simpler  PAA 
treatment,  based  on  experience 
with  ordinary  aluminum. (9) 

The  specimen  geometry,  shown 
in  Fig.  5,  was  designed  to 
mimic  the  standard  double-lap 
specimen  while  using  less 
SiC/Al  material.  Side  plates 
were  made  from  one  of  three 
materials:  whisker-  or 
particle-reinforced  SiC/Al  or 
plain  6061  Al.  Plain  6061  A1 
was  used  for  the  long,  center 
pieces.  If  a  particular  prob¬ 
lem  arose  due  to  surface 
preparation  of  the  SiC/Al,  the 
specimen  would  fail  at  the 
outer  bonding  interface  at  the 
short  overlap  end.  The  SiC/Al 
alloy  did  not  exhibit  any 
interfacial  failures  during 
this  test  program. 
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Figure  5.  Material-conserving  double-lap -shear  specimen  used  for 
Phase  I  and  extended  durability  mechanical  testing. 
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The  average  lap  shear 
strength  values  of  the  three 
specimens  for  each  combination 
of  surface  preparations  and 
materials  are  shown  in  Table 
2.  Note  that  the  specimens 
prepared  with  SiC/Al  are 
similar,  and  generally 
slightly  stronger,  than  the 
control  specimens  for  any 
given  surface  treatment.  The 
high  strength  levels  are  pro¬ 
bably  due  to  the  increased 
stiffness  of  the  SiC/Al 
plates,  which  reduces  the 
bending  at  the  edges  of  the 
specimen  and  thereby  reduces 
the  degree  of  stress  concen¬ 
tration.  The  higher  strengths 
of  the  PAA  specimens  compared 
with  that  of  the  other  speci¬ 
mens  may  be  due  to  improved 
sample  preparation,  more  con¬ 
sistent  bond  line  thickness, 
and  uniform  pressure,  etc., 
since  the  PAA  samples  were  the 
last  ones  to  be  prepared.  The 
difference  in  surface  oxide 
should  not  explain  the 
strength  difference,  since 
none  of  the  specimens  failed 
at  or  near  the  metal -adhesive 
interface. 

3.3  Wedge  Tests 

Whisker-  and  particle- 
SiC  reinforced  6061  aluminum, 
and  6061  control  strips  were 
prepared  to  wedge  tests  ac¬ 
cording  to  the  ASTM  stan¬ 
dard.  (10)  The  same  four 
treatments  described  above  for 
double  lap  shear  specimens 
were  used  to  prepare  the 
wedge-test  sample  surfaces. 

The  wedge  test  was  performed 
to  deterniine  which  treatment 
results  in  the  best  durability 


performace,  so  that  two  pro¬ 
cesses  could  be  selected  for 
long-term  durability  testing. 

An  interesting  result 
of  this  test  was  the  very  poor 
performance  of  grit-blasted 
surfaces.  Figure  6  shows 
crack-opening  stress  as  a 
function  of  exposure  time  for 
the  three  sample  substrates 
after  grit-blast  surface 
treatment.  The  crack-opening 
stress  display  (11)  was  chosen 
to  normalize  the  stiffness  of 
the  samples  so  that  the 
performance  of  the  reinforced 
substrates  could  be  compared 
directly  to  the  control  speci¬ 
mens.  For  this  type  of  data 
presentation,  the  higher  the 
number,  the  better  the  per¬ 
formance.  A  rapid  drop  in 
stress  occurred  as  the  grit- 
blasted  specimens  were  exposed 
to  the  humidity-chamber  condi¬ 
tioning.  This  normally  occurs 
with  surfaces  that  lack  micro¬ 
roughness  because  water  mole¬ 
cules  at  the  interface  break 
the  epoxy  chemical -bonds  to 
the  surface  oxide.  Using  the 
Boeing  Corporation  criterion 
as  a  standard  of  comparison 
for  properly  prepared 
bonds, (12)  which  translates  to 
Glc  >4.4  after  one  hour  of 
humidity-chamber  exposure,  all 
the  grit-blasted  specimens 
failed. 

In  contrast,  the  PAA- 
prepared  samples  performed 
very  well.  As  Fig.  7  shows. 
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Table  2 


Double-Lap-Shear  Strength  as  a  Function  of 
Substrate  and  Surface  Treatment 


Surface 

Treatment 

6061  Control 

SIC  Whisker 
Reinforced 

SIC  Particle 
Reinforced 

Grit  Blast 

3490  (270)^^^ 

4330  (320) 

4430  (610) 

FPL  Etch 

3870  (630) 

4360  (290) 

4210  (190) 

P2  Etch 

4360  (180) 

4250  (410) 

4120  (500) 

PAA 

4680  (380) 

5300  (340) 

>  5500 

(a) 


Standard  deviations  are  In  parentheses 
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Figure  6.  Wedge-test  results  for  test  substrates  grit -blasted  prior 
to  bonding. 
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Figure-  7.  Wedge-te&t  results  for  test  substrates  PAA  anodized  prior 
to  bonding. 
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the  PAA  samples  exhibited  a 
gradual  reduction  in  stress, 
primarily  due  to  the  softening 
of  the  adhesive  during 
humidity-chamber  exposure. 

Wedge  results  for  FPL 
prepared  surfaces  are  shown  in 
Fig.  8.  P2  results  were 
nearly  identical.  Although 
both  surfaces  were  much  better 
than  grit-blast  surfaces, 
neither  was  as  good  as  PAA. 
These  results  are  consistent 
with  our  prior  experience  with 
wedge  tests  on  normal  aluminum 
substrates.  In  all  cases,  the 
SiC/Al  samples  performed  as 
well  as,  or  better  than  con¬ 
trol  specimens. 

A  second  set  of  wedge 
test  specimens  was  used  to 
compare  potential  adhesives. 

In  these  tests,  high- 
temperature-cure  (250-350“F) 
epoxies  performed  well,  where¬ 
as  room-temperature-cure 
epoxies  did  not.  The  adhesive 
that  performed  best  in  each 
category  was  chosen  for  use  in 
extended  durability  testing. 
AFlll  (3M  Corporation)  was 
chosen  from  the  heat-cure 
epoxies,  and  Fusor  304  (Lord 
Corporation,  Hughson  Chemical 
Division)  was  chosen  from  the 
room-temperature-curing  epoxy 
adhesives. 

Extended  Durability  Testing 
3.4.1  Salt-Spray  Exposure 

The  same  type  of 
double-lap-shear  specimens 
used  above  in  the  adhesion 
tests  were  prepared  and  placed 
in  a  salt  fog  chamber  to 
investigate  bonding  properties 
in  corrosive  atmospheres.  To 
prepare  the  specimens,  P2  and 


PAA  surface  treatments  were 
applied,  and  a  chromate-con¬ 
taining,  corrosion-inhibiting 
primer  (BR127,  American  Cyana- 
mid)  primer  was  used  with  a 
AFlll  heat-curing  epoxy  film 
and  Fusor  304  two-part  room- 
temperature  curing-epoxy  paste 
adhesive.  Each  specimen 
remained  in  the  chamber  for  a 
specific  interval,  then  it  was 
removed  and  stored  with  con¬ 
trol  specimens  in  ambient 
laboratory  conditions  until 
the  completion  of  the  test. 

All  the  specimens  were  then 
simultaneously  tested  in  a 
constant-strain  Instron 
machine.  The  results  are 
shown  in  Table  3.  The 
reported  values  represent  the 
average  of  all  three  substrate 
types,  since  there  was  no 
indication  that  the  values  of 
the  two  SiC/Al  materials  dif¬ 
fered  from  those  of  the  con¬ 
trol  .  The  only  trend  in  the 
data  is  a  reduction  in  adhe¬ 
sive  strength  as  exposure  time 
increases.  However,  the  dif¬ 
ferences  are  small,  and  may  be 
related  to  changes  in  the 
adhesives,  since  there  was  no 
evidence  of  interfacial  fail¬ 
ures.  Clearly,  the  bonds  to 
SiC/Al  material  were  no  less 
durable  than  control  material 
bonds. 

3.4.2.  Stressed  Durability 
Testing 

A  limited  number  of 
stressed  durability  tests  were 
run  before  the  expiration  of 
the  program.  The  results  are 
shown  in  Table  4.  Once  again, 
we  found  no  differences  be¬ 
tween  substrates.  Substrate 
type  is  not  shown  in  the 
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Figure  8.  Wedge-test  results  for  test  substrates  FPL  etched  prior 
to  bonding. 
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Table  3 


Averaged  Double  Lap-shear  Test  Strengths 


Treatment/ 

Adhesive 

0 

PAA/FUSOR 

3940(86) 

PAA/AFlll 

5350(320) 

P2/FUSOR 

4670(270) 

P2/AF111 

4880(670) 

After  Salt-Spray  Exposure 


1  week 

2  weeks 

3830(780) 

4300(480) 

5250(265) 

5460(150) 

4530(380) 

4410(350) 

5280(530) 

5080(450) 

4  weeks 

8  weeks 

4260(805) 

3600(700) 

5670(190) 

5090(370) 

4110(420) 

3390(400) 

5120(1050) 

5340(420) 
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Table  4 


Stressed  Durability  Test  Results 


Adhesive 

Exposure 

Stress  Level 

Time  to  Failure 

Conditions 

(psi) 

FUSOR 

SO^F,  50%  R.H. 

480 

3  mo 

640 

tt 

800 

If 

960 

If 

1120 

11 

FUSOR 

120“F,  90%  R.H. 

120 

4  days, 

> 

2  mo 

160 

18  days 

200 

>  2  mo. 

> 

3  mo 

240 

18  days 

260 

4  days 

AFlll 

80“F,  50%  R.H. 

720 

>  3  mo 

960 

II 

1200 

11 

1440 

If 

1680 

It 

AFlll 

120‘’F,  90%  R.H. 

180 

>  3  mo 

240 

II 

300 

II 

360 

fl 

420 

II 
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table.  The  primary  result  is 
that  room-temperature-cure 
adhesives  are  particularly 
susceptible  to  moisture  degra¬ 
dation.  During  the  relatively 
short  exposure  times,  the 
room-temperature-cure  (RTC) 
samples  failed.  The  time  to 
failure  was  not  consistent 
among  all  the  specimens, 
possibly  due  to  differences  in 
bond-line  thicknesses,  and 
therefore,  the  moisture  dif¬ 
fusion  rate.  Many  failures 
occurred  quickly  at  stress 
levels  less  than  1/10  the 
stress  level  supported  in 
"dry"  testing. 

4.  CONCLUSIONS 

SiC-reinforced  aluminum 
substrates  can  be  successfully 
adhesively  bonded  when  surface 
preparation  techniques  such  as 
PAA,  FPL,  or  P2  processes  are 
used.  The  bond  properties  of 
these  substrates  are  equal  to 
or  better  than  properties  for 
similarly-processed,  normal 
aluminum  alloys.  However,  the 
process  must  be  modified  by 
avoiding  chemical  etching 
steps  before  performing  the 
final  surface  treatment  to 
minimize  loose  residue  on  the 
surface  prior  to  bonding. 

Both  SiC/Al  and  ordi¬ 
nary  aluminum  prepared  by 
grit-blasting  perform  poorly 
in  durability  testing. 

Room- temperature-cure 
epoxies  perform  poorly  under 
high-humidity  exposure  condi¬ 
tions. 


There  is  no  test  evi¬ 
dence  of  an  environmental 
attack  on  the  SiC/Al  alloy 
surface  that  would  jeopardize 
adhesive  bonds. 
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ABSTRACT 


The  structural  and  bonding 
properties  of  Ti-6A1-4V  ad- 
herends,  prepared  by  chromic 
acid  and  sodium  hydroxide 
anodization  (CAA  and  SHA), 
were  studied  as  a  function  of 
exposure  in  high-temperature 
environments,  such  as  vacuum, 
air,  boiling  and  pressurized 
water,  and  pressurized  steam. 
Subsequent  to  the  environmen¬ 
tal  exposures,  the  adherends 
were  bonded  and  their  adhesive 
tensile  strengths  measured. 
Long-term  exposure  to  high 
temperature  (to  400° C),  dry 
environments  did  not  cause 
visible  structural  changes  to 
the  adherend  oxide,  but  did 
result  in  poor  bond  strength 
for  CAA  adherends.  The  fail¬ 
ure  mode  in  these  cases  was 
within  the  oxide,  which  was 
weakened  by  the  exposure.  The 
water-  and  steam-exposed 
oxides  underwent  a  transition 
from  amorphous  to  crystalline 
Ti02  (with  an  accompanying 
change  in  oxide  morphology); 
however,  bond  strength  was 
maintained  for  moderate  expo¬ 
sures  at  T  ~  250°C.  For 
exposure  at  T=300°C,  the  bond 


strength  in  CAA  adherends  was 
severely  degraded  due  to  a 
lack  of  porosity  in  the 
transformed  oxide.  In 
contrast,  SHA  adherends 
exhibited  little  loss  in  bond 
strength  after  identical 
exposures. 

1.  INTRODUCTION 

Adhesively  bonded  systems  that 
are  stable  at  high  tempera¬ 
tures  and  in  severe  environ¬ 
ments  are  becoming  increas¬ 
ingly  important  for  military 
and  aerospace  applications. 
Titanium  alloy  adherends  are 
often  used  because  they  have  a 
high  strength-to-weight  ratio 
and  good  mechanical  properties 
under  these  conditions.  As 
tlie  demands  on  bonded  struc¬ 
tures  increase,  it  becomes 
more  important  to  understand 
the  factors  affecting  bond 
strength  and  durability  in 
very  severe  environments,  as 
well  as  the  mechanisms  of  bond 
degradation.  We  have  investi¬ 
gated  some  of  these  factors  by 
studying  both  the  bonded  and 
unbonded  surfaces  of  an  alloy 
used  widely  throughout  the 
aerospace  industry,  Ti-6A1-4V. 
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The  long-term  durability  of 
titanium  adhesive  bonds  can  be 
correlated  with  the  degree  of 
micro-rouahness  at  the  alloy 
surface. A  micro-rough  Ti 
surface,  i.e.,  with  features 
on  the  order  of  tens  of  nm,  is 
generally  achieved  by  anodiza¬ 
tion  in  solutions  of  chromic 
acid  (CAA,  very  common) 

or  sodium  hydroxide^®"^^  (SHA, 
less  common).  Although  both 
treatments  result  in  amor¬ 
phous,  micro-rough  oxides,  the 
oxide  morphologies  are  differ¬ 
ent.  The  latter  treatment 
also  results  in  a  more  macro¬ 
scopic  roughness  --  mountain¬ 
ous  features,  with  dimensions 
on  the  order  of  microns, 
interspersed  with  flat  areas. 
In  addition,  SHA  surfaces  have 
exhibited  greater  long-term 
durability  in  lap-shear  tests 
than  CAA  surfaces, at  tempera¬ 
tures  over  200°C.^^^ 

Earlier  studies  showed 
that  the  unbonded  CAA  oxide 
underwent  a  transition  from 
amorphous  to  crystalline  Ti02 
(anatase)  when  immersed  in 
water  at  85°C  for  as  little  as 
20  hours. The  trans¬ 
formation  was  accompanied  by  a 
change  in  morphology  --  from  a 
porous,  honeycomb  structure  to 
the  formation  of  needle-like 
crystallites  on  the 
surfaces.  Although  some 
porosity  was  retained  after 
this  transformation,  it  was 
later  shown  that  exposure  to 
humid  environments  for  long 
times  and/or  at  higher  tem¬ 
peratures  eventually  resulted 
in  a  rather  smooth,  nodular- 
like  ^^jde  that  lacked  poro- 

The  observation  that  a  CAA 
oxide  that  was  transformed  at 
the  lower  temperatures  re¬ 
tained  porosity,  suggests  that 
such  an  oxide  might  be  able  to 


couple  mechanically  to  an 
adhesive.  Because  the  crys¬ 
talline  Ti  oxide  phases  are 
more  thermodynamically  stable 
than  the  amorphous  phase, 
we  would  expect  these  bonded 
adherends  to  retain  their 
strength  in  severe  environ¬ 
ments.  Thus,  by  bonding  to  a 
crystalline  adherend  oxide, 
large-scale  morphology  changes 
that  normally  occur  during 
accelerated  testing  could  pre¬ 
sumably  be  avoided,  thereby 
improving  bond  durability. 

In  this  study,  we  have  inves¬ 
tigated  the  strength  of  bonds 
formed  on  both  CAA  and  SHA  Ti- 
6A1-4V  adherend  surfaces  after 
they  were  subjected  to  high- 
temperature  environments,  such 
as  vacuum,  air,  boiling  water, 
pressurized  water,  and  steam. 
Coupons  were  anodized, 
exposed,  bonded  to  an  A1  stud 
(see  below),  and  tested  with 
an  instrument  that  applies  a 
tensile  force  normal  to  the 
adherend  surface.  The  test 
was  designed  to  determine  the 
adhesion  of  the  (transformed) 
oxide  to  the  underlying  sub¬ 
strate.  Adherends  were 
characterized  before  and  after 
tensile  testing  by  high- 
resolution  scanning  electron 
microscopy  (SEM),  x-ray  photo¬ 
electron  spectroscopy  (XPS) 
and  scanning  Auger  microscopy 
(SAM).  These  measurements 
facilitated  the  identification 
of  the  loci  of  failure  in  the 
tensile  tests.  The  failure 
mechanisms  were  then  corre¬ 
lated  with  the  respective 
oxide  morphologies. 

2.  EXPERIMENTAL 

2.1  Surface  Preparation  and 
Environmental  Exposure 

The  anodization  procedures  are 
described  in  detail  else- 
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where.  Briefly,  Ti-6Al-4\/ 
coupons  (2x5  x.08  cm)  are 
degreased  in  dichloroethane, 
pickled  in  a  solution  contain¬ 
ing  HNO3  and  HF,  rinsed,  ano¬ 
dized,  rinsed  again" and  dried. 
The  CAA  solution  contains  5% 
CrOo  +  0.1%  NH4HF2  (10  V, 

25“C,  20  min)  whereas  the  SNA 
solution  is  5M  NaOH  (10  V, 
30“C,  20  min).  No  attempt  was 
made  to  protect  the  as- 
anodized  or  exposed  adherends 
from  the  laboratory  ambient 
during  transfer  to  the  analy¬ 
tical  chambers. 

Coupons  subjected  to  heat 
alone  were  placed  in  a  vacuum 
furnace  for  periods  of  72  and 
160  hr  at  400° C,  and  at  a 
pressure  of  3  x  10“^  Pa. 
Although  there  was  no  residual 
gas  analyzer  on  the  furnace, 
we  estimate  the  partial  pres¬ 
sure  of  oxygen  to  be  less  than 
5  X  10"*^  Any  residual 

water  vapor  was  pumped  away 
during  warmup.  Additionally, 
some  coupons  were  exposed  to 
air  in  an  ordinary  laboratory 
furnace  at  330°C.  Exposure 
times  varied  from  160-1200  hr. 
The  relative  humidity  in  the 
furnace  was  not  determined. 

The  boiling  water  exposures 
were  conducted  by  immersing 
the  coupons  in  water  main¬ 
tained  at  95-100°C.  For 
higher  temperature  water  expo¬ 
sures,  a  high-pressure  auto¬ 
clave  was  used.  In  this  case, 
a  sufficient  volume  of  water 
was  used  at  eachtemperature  to 
maintain  an  equilibrium 
between  liquid  and  vapor  at 
the  saturation  vapor  pressure. 
Some  coupons  were  immersed  in 
the  liquid;  others  were 
exposed  only  to  the  vapor. 
Exposures  ranged  from  3  to  120 
hr  at  temperatures  of  150, 

200,  250  and  300°C. 


2.2  Adhesion  Testing 

A  pneumatic  adhesion  tensile 
testing  instrument  (SEMicro, 
Rockville,  MD)  was  used  for 
the  adhesion  tests.  Figure  1 
is  a  schematic  drawing  of  the 
test  geometry.  A  1.25  cm- 
diameter  A1  stud  (that  had 
been  etched  previously  in  FPL 
solution)  was  bonded  to  the 
envi ronmental ly-exposed 
adherend  with  a  two-part  epoxy 
adhesive  (3M  1838).  The  bond¬ 
ing  area  was  defined  with  a 
Teflon  ring.  The  adhesive  was 
cured  under  a  pressure  of  0.4 
MPa  for  72  hr  at  room  tempera¬ 
ture;  the  thickness  of  the 
bond  line  was  not  determined. 
Prior  to  testing,  the  Teflon 
ring  was  removed  and  the  spec¬ 
imen  was  mounted  in  a  jig  that 
prevents  the  adherend  from 
flexing.  The  stud  was  screwed 
into  a  pneumatic  piston,  which 
applies  the  tensile  force  nor¬ 
mal  to  the  adherend  surface. 
Thus,  the  force  required  to 
remove  the  stud  provides  a 
relative  indication  of  the 
bond  strength  of  the  oxide. 

2.3  Analysi s 

A  JEOL  JEM  100-CX  STEM,  used 
in  the  SEM  mode,  provided  the 
resolution  needed  to  examine 
the  morphologies  of  the  adher¬ 
end  oxides  and  the  bond- 
failure  surfaces.  Samples 
were  cut  to  1  cm  x  2  mm  and 
coated  with  ~  5  nm  of  Pt  to 
eliminate  charge  buildup  on 
the  oxide.  The  stereo  micro¬ 
graphs  shown  in  this  study 
were  obtained  at  ±7  deg  tilt. 

XPS  measurements  were  made  in 
an  SSL  SSX-100-03  that  was 
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equipped  with  a  differentially 
pumped  ion  gun.  The  analyzer 
was  operated  at  150  eV  pass 
energy  with  a  corresponding 
full  width  at  half  maximum 
(FWHM)  of  1.4  eV  for  Au  4f'/^ 
transition.  For  compositional 
analysis,  the  analyzed  area 
was  600ym  in  diameter.  Depth 
profiles  were  obtained  from  a 
300  ym-diameter  area  at  the 
center  of  a  3  x  3  mm  sputter 
crater.  Both  areas  were  rep¬ 
resentative  of  the  entire  sur¬ 
face.  The  Auger  analysis  was 
conducted  in  a  JEOL  JAMP-IOSP 
SAM  equipped  with  a  differen¬ 
tially  pumped  ion  gun.  To  ob¬ 
tain  the  precise  focus  needed 
for  some  of  the  analyses,  the 
incident  current  was  kept 
below  10  nA.  The  adherend  was 
tilted  to  expose  the  flat 
areas  of  SNA  specimens  to  the 
ion  beam,  which  was  rastered 
over  an  area  1.5  x  1.5  mm. 

The  sputter  etch  rate  was  ~ 

7.5  nm/min  as  calibrated  by 
cross-sectional  TEM  observa¬ 
tion  of  the  CAA  oxide. 

3.  RESULTS 


3. 1  Morphology  of  Exposed 
Adherends 

The  morphology  of  a  typical, 
as-anodized  CAA  oxide  is  shown 
in  Fig.  2.  It  is  character¬ 
ized  by  a  multilevel,  porous 
structure  with  cell  dimensions 
of  approximately  40  nm.  At 
lower  magnifications  (Fig. 

2a),  it  is  evident  that  the 
porous  structure  covers  the 
entire  surface.  The  multi¬ 
level  morphology  can  be  attri¬ 
buted  to  differential  etching 
of  the  two-phase  alloy.  Ear¬ 
lier  studies  show  that  the 


oxide  consists  of  a  30-nm- 
thick  barrier  layer  covered  by 
100-nm-thick  cel  Is. 

Adherends  that  were  exposed  to 
vacuum  at  400°C  for  as  long  as 
160  hr,  or  to  air  at  330°C  for 
1200  hr,  showed  no  apparent 
change  in  surface  morpho¬ 
logy.  CAA  oxides  immersed  in 
boiling  water  develop  crystal¬ 
lites,  which  is  consistent 
with  previous  results. 

After  as  little  as  3  hr  immer¬ 
sion,  the  honeycomb  cell  walls 
begin  to  thicken.  By  24  hr, 
crystallites  can  be  observed 
and  the  cells  have  nearly 
closed.  By  72  hr,  the  adherend 
surface  is  covered  with  crys¬ 
tallites,  the  honeycomb  struc¬ 
ture  has  disappeared,  and  some 
of  the  crystallites  have 
fused,  as  shown  in  Fig.  3.  A 
dissolution/precipitation 
mechanism  for  this  change  in 
morphology  was  proposed 
earl ier.^^^' 

The  evolution  of  oxides  sub¬ 
jected  to  high-temperature, 
aqueous  environments  depends 
on  whether  the  coupon  is  im¬ 
mersed  in  the  liquid  or  ex¬ 
posed  only  to  vapor.  Those 
immersed  in  the  liquid  at 
300°C  were  completely  covered 
by  needle-like  crystallites 
after  as  little  as  3  hr.  By 
24  hr,  the  crystallites  had 
begun  to  fuse  and  the  surface 
appears  somewhat  flatter. 
Finally,  at  120  hr,  the  cry¬ 
stallites  have  become  nodular 
in  shape,  leaving  an  oxide 
that  is  relatively  smooth 
(compared  to  the  as-anodized 
oxide).  This  is  shown  in  Fig 
4a.  Conversely,  vapor-exposed 
oxides  exhibited  no  needle¬ 
like  crystallites.  Instead, 
the  honeycomb  structure 
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evolved  into  a  more  nodular- 
like  oxide.  Selected  area 
diffraction  (SAD)  patterns 
generated  in  the  TEM  show 
these  nodules  to  be  anatase 
Ti02.  With  continued  expo¬ 
sure,  the  nodules  began  to 
fuse  until,  by  120  hr,  the 
oxide  surface  was  again  rela¬ 
tively  smooth,  i.e.,  lacked 
porosity,  as  seen  in  Fig.  4b. 
The  diameter  of  the  vapor- 
exposed  nodules  was  approxi¬ 
mately  one-half  that  of  the 
corresponding  liquid-exposed 
nodules. 

In  contrast,  the  SHA  surface 
does  not  exhibit  the  same 
microporous  morphology  as  the 
CAA  surface.  At  lower  mag¬ 
nification  (Fig.  2c),  SHA  sur¬ 
faces  exhibit  rather  large, 
mountainous  features,  with 
relatively  flat  areas  between. 
These  flat  areas  range  from 
0.5  to  5.0  ym  in  diameter.  At 
higher  magnification  (Fig. 

2d),  some  degree  of  micro¬ 
roughness  is  evident.  However, 
the  micro-roughness  is  not  as 
distinct  or  as  consistent  as 
the  microporosity  obtained 
with  CAA.  Depth  profiling  by 
scanning  Auger  microscopy 
(SAM)  indicates  that  the  flat 
areas  consist  of  a  40-nm-thick 
oxide;  SAM  compositional 
analysis  of  the  mountainous 
features  has  thus  far  proven 
inconclusive. 

The  evolution  of  the  SHA  oxide 
with  environmental  exposure  is 
nearly  identical  to  that  of 
the  CAA  oxide.  Vacuum  and  air 
have  no  effect  on  the  morpho¬ 
logy  at  the  temperatures  and 
times  used  in  this  study. 
Crystallites  were  observed  on 
surfaces  exposed  to  boiling 
water.  The  SHA  surfaces 


developed  nodules  after  expo¬ 
sure  to  water  or  steam  in  the 
autoclave  at  300°C,  as  seen  in 
Fig.  5. 

3.2  Adhesion  Tensile 

Tests 

3.2.1  As-Anodized  Adherends 

The  tensile  test  used  in  this 
study  measured  the  relative 
adhesive  strength  of  the 
oxide-base  metal  interface. 

The  results  are  presented  in 
Table  1.  The  greatest  bond 
strength  was  obtained  with  the 
respective  as-anodized  adher¬ 
ends.  Upon  visual  examina¬ 
tion,  both  debonded  surfaces 
had  the  same  appearance  — 
rough  and  the  same  color  as 
the  adhesive  --  suggesting 
that  the  failure  mode  was 
cohesive.  This  was  confirmed 
by  SEM  and  XPS,  which  showed 
the  characteristic  morphology 
and  atomic  concentration  of 
the  cured  adhesive  on  both 
failure  surfaces. The 
actual  tensile  strength  values 
for  the  CAA  and  SHA  as- 
anodized  systems,  9.2  MPa 
(Table  1),  represent  the  cohe¬ 
sive  strength  of  the  adhesive 
in  this  testing  geometry. 

This  value  is  significantly 
less  than  that  quoted  by  the 
manufacturer,  and  can  be 
attributed  to  some  flexing  of 
the  adherend  during  testing. 
Thicker  adherends  used  in  the 
same  geometry  yield  cohesive 
strengths  that  approach  the 
manufacturer's  reported 
value. 

3.2.2  Vacuum-  and  Air- 
Exposed  Adherends 

Most  of  the  high-temperature 
vacuum-  and  air-exposed  CAA 
specimens  failed  prior  to 
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testing  as  the  Teflon  ring  was 
being  removed.  Those  that  were 
tested  failed  at  pressures 
less  than  0.7  MPa.  In  con¬ 
trast,  the  SHA  adherends 
retained  most  of  their  bond 
strengths  after  exposure.  The 
failure  mode  for  the  exposed 
SHA  adherends  was  mixed,  i.e., 
primarily  cohesive  with  some 
areas  of  oxide  failure. 

The  debonded  CAA  surfaces 
appeared  metallic  on  both  the 
stud  and  the  metal  sides, 
indicating  failure  entirely 
within  the  oxide  layer  or  at 
the  oxide-metal  interface. 

The  precise  location  was 
determined  by  SEM  and  XPS 
depth  profiles.  As  seen  in 
Fig.  6,  the  original  CAA  oxide 
cell  walls  are  evident  on  the 
stud  side  and  have  been  lifted 
away  from  the  base  metal .  The 
micrograph  from  the  metal  side 
shows  a  complementary  image. 
XPS  survey  spectra  of  both 
surfaces  were  identical;  how¬ 
ever,  depth  profiles  show  dif¬ 
ferent  oxide-layer  thick¬ 
nesses.  On  the  metal  side. 
Fig.  7a,  the  oxide-metal 
interface  is  abrupt  and 
appears  at  a  depth  of  less 
than  10  nm,  as  indicated  by 
the  rapid  increase  in  the  Ti 
signal  with  depth.  (The 
greatest  oxide  layer  thickness 
on  the  metal  side  of  any  of 
these  samples  was  ~  30  nm.) 

In  Fig.  7b,  the  stud  side,  the 
oxide-adhesive  interface  is 
not  well  defined,  due  to  the 
penetration  of  the  adhesive 
into  the  honeycomb  structure. 

One  feature  that  is  common  to 
both  depth  profiles  is  the 
accumulation  of  F  at  both 
debonded  surfaces.  Previously, 
we  had  observed  an  accumula¬ 
tion  of  F  near  the  oxide-metal 
interface  in  the  as- anodized 
and  air-exposed  oxides. 


Cross-sectional  TEM  revealed 
that  the  oxide  consisted  of  a 
20-  to  30-nm-thick  barrier 
layer  under  the  honeycomb 
structure  (~  100-nm  thick). 
Thus,  the  depth  profile  in 
Fig.  7b  can  be  described  in 
terms  of  three  distinct  re¬ 
gions.  In  the  uppermost 
region,  at  depths  less  than  30 
nm,  the  profile  is  dominated 
by  the  steady  level  of  the  Ti 
and  0  signals,  and  C  is  at  its 
background  level.  This  corre¬ 
sponds  to  the  barrier  layer. 
Between  30  and  140  nm,  the 
steady  rise  in  the  C  concen¬ 
tration  indicates  that  the 
adhesive  penetrated  the  oxide. 
At  depths  greater  than  140  nm, 
the  C  signal  is  dominant, 
which  is  indicative  of  the 
adhesive  layer.  We  conclude 
from  the  micrographs  and  the 
depth  profiles  that  the  de¬ 
bonding  occurred  within  the 
barrier  layer  at  or  very  near 
the  oxide-metal  interface. 

In  an  effort  to  understand  the 
differences  between  air- 
exposed  CAA  and  SHA  adherends, 
we  used  SAM  to  examine  both 
surfaces  after  environmental 
exposure,  but  without  bond¬ 
ing.  As  mentioned  above,  the 
CAA  oxide  was  unchanged,  both 
in  morphology  and  composition, 
as  well  as  in  thickness. 
Although  the  SHA  morphology 
remained  unchanged  after  expo¬ 
sure,  the  oxide  thickness 
changed.  This  is  shown  for  a 
flat  area  in  Fig.  8.  The 
sputter  etch  rate  was  7 
nm/min,  and  the  oxide-metal 
interface  is  reached  at  a 
depth  of  140  nm.  A  somewhat 
lower  value,  100  nm,  was 
obtained  by  XPS  for  the  oxide 
thickness  in  the  flat  areas. 
This  discrepancy  may  be  due  to 
the  instrumental  difficulties 
in  acquiring  depth  profiles 
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from  rough  SHA  surfaces. 
Clearly,  there  are  differences 
between  the  as-anodized  and 
the  exposed  SHA  oxide  thick¬ 
nesses.  Thus,  we  conclude 
that  the  SHA-treated  surface 
continues  to  oxidize  during 
environmental  exposure. 

3.3  Boi linq/Pressurized 
Water-  and  Steam-Exposed 
Adherends 

CAA  and  SHA  oxides  exposed  to 
both  liquid  and  vapor  environ¬ 
ments  at  temperatures  below 
250°C  retained  almost  all  of 
their  bond  strength,  as  seen 
in  Table  1.  Although  these 
debonded  surfaces  were  not 
examined  by  XPS,  the  appear¬ 
ance  of  adhesive  material  on 
all  of  them  suggests  that  the 
failure  mode  was  predominantly 
cohesive  in  each  case  (al¬ 
though  small  areas  of  adhesive 
failure  could  be  delineated). 
(The  tensile  strength  values 
listed  for  water-exposed 
adherends  in  Table  1  represent 
the  averages  of  many  samples. 
Some  of  the  tensile  strengths 
exhibited  were  comparable  to 
those  obtained  for  the  as- 
anodized  adherends.) 

CAA  adherends  exposed  to  humid 
environments  at  300° C  for  24 
hr  or  more  failed  at  low 
stress  levels,  whereas  corres¬ 
ponding  SHA  adherends  retained 
most  of  their  initial  bond 
strength.  The  two  debonded 
CAA  adherends  were  examined 
using  XPS,  as  shown  in  Fig. 

9.  The  stud  side  (Fig.  9a) 
showed  no  Ti;  only  C,  0,  and 
Si,  which  are  typical  of  the 
adhesive  material.  In  con¬ 
trast,  the  metal  side  (Fig. 

9b)  contained  Ti  and  0,  as 
well  as  moderate  levels  of  C 


and  Si.  There  are  two  plaus¬ 
ible  explanations  for  these 
increased  concentrations  of  C 
and  Si  on  the  metal  side: 
Either  a  very  thin  adhesive 
layer  (2-4  nm  thick)  was  left 
after  the  tensile  test,  or, 
more  likely,  the  sample  was 
contaminated  during  transfer 
to  the  XPS  vacuum  system. 
Scanning  electron  micrographs 
show  adhesive  on  the  stud  side 
and  the  nodular  oxide  on  the 
metal  side  of  the  failure. 

In  contrast,  SHA  adherends  did 
not  exhibit  adhesive  failures 
after  steam  exposure  at  300°C. 
The  failure  mode  for  these 
adherends  was  predominantly 
cohesive  with  small  areas  of 
adhesive  failure.  The 
unbonded  SHA  surfaces  were 
examined  before  and  after 
exposure  with  SAM  and  XPS.  As 
seen  in  Fig.  8c,  the  SHA 
adherend  continued  to  oxidize 
during  steam  exposure  (as  with 
air  exposure),  which  may  be 
responsible  for  the  retained 
bond  strength. 

4.  DISCUSSION 

A  possible  explanation  for  the 
catastrophic  failure  of  CAA 
adherends  is  the  dissolution 
of  the  oxide  into  the  alloy  at 
the  exposure  temperature.  We 
have  observed  diffusion  of 
oxygen  from  the  oxide  into  Ti- 
6Al-4\/  alloys  after  heating  in 
vacuum  at  temperatures  above 
450°C.  This  is  shown  in  Figs. 
lOa-c,  which  are  Auger 
sputter-depth  profiles  of  as- 
anodized  (Fig.  10a)  CAA  sur¬ 
faces  and  after  heating  at  450 
and  700°C  for  1  hour  (Figs. 

10b  and  c).  After  1  hour  at 
450°C,  the  oxygen  has  begun 
diffusing  into  the  alloy,  as 
seen  by  the  degradation  of  the 
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original  interface  (i.e.,  the 
"tail"  on  the  0  signal).  This 
interfacial  degradation  be¬ 
comes  more  pronounced  at  long¬ 
er  times. or  higher  tempera- 
tures^-^^^  until,  at  700°C, 
there  is  apparently  no  oxide 
left  at  the  surface  (Fig. 

10c).  In  this  case,  the  0 
present  at  the  surface  is 
probably  due  to  adsorbed  con¬ 
taminants.  Immediately  below 
the  surface,  the  oxygen  con¬ 
centration  is  constant  and 
approaches  the  solubility 
limit  in  the  alloy.  We  also 
observed  high  carbon  levels  at 
the  surface  that  persisted 
into  the  alloy.  We  attribute 
this  to  the  formation  of  a 
carbide  phased the  source 
of  the  carbon  is  thus  far 
unknown. 

Oxygen  dissolved  in  the 
alloy  at  concentrations  as  low 
as  0.1%  would  result  in  a 
highly  embrittled  zone  at  the 
oxide-metal  interface  and 
defects  (i.e.,  microcracks)  in 
the  oxide  itself.  Both  would 
cause  bond  failure.  We  would 
expect  an  identical  mechanism 
to  be  operative  for  SNA  adher- 
ends;  however,  they  did  not 
fail  catastrophically  after 
similar  exposures.  Oxide 
failures  have  been  observed  in 
SNA- treated  Ti-6Al-4\/  bonded 
structures  after  long-term 
exposures  (18  months)  at 
232°C.^-*-®^  This  suggests  that 
a  similar  mechanism  occurs  in 
SNA  adherends,  but  at  a  slower 
rate.  We  are  currently  inves¬ 
tigating  whether  the  original 
morphology  and/or  composition 
of  the  oxide  affects  the 
kinetics  of  the  microcracking 
or  the  oxide  dissolution. 

Selected  area  diffraction  pat¬ 
terns  obtained  from  water-  and 


vapor-exposed  CAA  adherends 
show  that  the  oxide  is  crys¬ 
talline  (anatase)  TiOo.  The 
tensile  test  results  for  tem¬ 
peratures  below  250°C  indicate 
that  the  integrity  of  the 
oxide-metal  interface  is  re¬ 
tained  despite  the  amorphous- 
to-crystal line  (structural) 
transformation  in  the  bare 
adherend.  In  contrast,  bonded 
A1  adherends  that  were  exposed 
to  aqueous  environments  during 
accelerated  durability  testing 
underwent  chemical  changes 
(i.e.,  hydration)  that 
resulted  in  weak  bonding  to 
the  base  metal. It  is 
apparent  from  the  SEM  micro¬ 
graphs  that  porosity  exists  in 
water-exposed  CAA  surfaces 
even  after  the  transformation; 
therefore,  the  adhesive  is 
able  to  penetrate  and  inter¬ 
lock  mechanically  with  the 
oxide.  The  transformed  oxide 
itself  can  be  bonded  with 
nearly  the  same  strength  as 
the  as-anodized  oxide. 

The  reduced  bond  strength  in 
CAA  adherends  exposed  to  humid 
environments  for  the  longest 
times  and/or  at  the  highest 
temperatures  can  be  attributed 
to  their  lack  of  porosity.  In 
these  instances,  the  adhesive 
cannot  penetrate  the  oxide. 
Since  no  mechanical  coupling 
can  occur,  the  adhesive  merely 
pulls  away  from  the  oxide 
under  very  little  tensile 
force.  Although  the  micro¬ 
roughness  of  the  SHA  adherend 
was  changed  to  a  more  fused, 
nodular  structure  during  steam 
exposure,  bond  strength  was 
retained.  The  remaining 
macro-roughness  of  the  surface 
may  play  a  role  in  retaining 
the  bond  strength  of  the  SHA 
adherends,  however  further 
experiments  are  needed  to 
clarify  the  issue. 
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5.  SUMMARY 

Tensile  testing  of  CAA  and  SHA 
Ti-6A1-4V  adherends  that  were 
exposed  to  a  variety  of  high- 
temperature  environments  prior 
to  testing  indicate  that  the 
mode  of  failure  depended  on 
the  nature  of  the  environmen¬ 
tal  exposure.  The  as-anodized 
adherends  all  failed  cohesive¬ 
ly  (within  the  adhesive  it¬ 
self).  Although  the  original 
morphology  was  retained  on 
both  surfaces  after  high-tem- 
perature  exposures  in  vacuum 
and  air,  CAA  adherends  sub¬ 
jected  to  these  environments 
at  temperatures  greater  than 
(or  equal  to)  330°C  degraded 
severely  and  failed  within  the 
oxide.  In  constrast,  the  SHA 
adherends  retained  most  of 
their  initial  bond  strength, 
possibly  because  of  continued 
oxidation  during  exposure. 
Oxides  subjected  to  moderate, 
humid  environments  retained 
almost  all  of  their  initial 
bond  strength.  Long-term 
and/or  high-temperature  aque¬ 
ous  exposures  resulted  in 
adhesive  failures  for  CAA  ad¬ 
herends,  whereas  SHA  adherends 
exhibited  predominatly  cohe¬ 
sive  failures  after  similar 
exposures. 
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Table  1.  Adhesion  Tensile  Test  Results 


Ti-6A1-4V 

EXPOSURE 

CAA 

As-anodized 

Vacuum  (T  =  400°C) 

Air  330°C,  160  hr 
Air  330“C,  1200  hr 

Boiling/pressurized  Water, 
steam  (T  <  250°C) 

Pressurized  water,  steam 
(T  =  300“C) 

SHA 

As  -  anodized 
Air  330°C,  165  hr. 
Pressurized  Water  300°C 
Pressurized  Steam  300°C 


(CAA  5%) 

PULL  STRENGTH  (MPa) 

9.2  ±  0.5  (cohesive) 

0-0.7  (oxide) 

3.5  (mixed) 

0-0.7  (oxide) 

6. 2-8. 3  (mixed) 

0-0.7  (adhesive) 

9.1  (cohesive) 

6.7  (mixed) 

3.9  (mixed) 

7.7  (cohesive) 


*  Failure  mode  is  indicated  in  parentheses. 


Pulling  Force 

t 


Substrate 


Figure  1.  Schematic  diagram  of  adhesion  tensile  testing  geometry. 
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Figure  2.  High-resolution,  stereo  electron  micrographs  of  anodized 
Ti-6A1-4V  surfaces:  a)  and  b),  CAA;  c)  and  d)  SHA.  Micro 
roughness  is  evident  in  both  surfaces. 


Figure  3.  CAA  oxide  after  immersion  in  water  at  100°C  for  72  hours. 
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CM  oxide  after  exposure  in  an  autoclave  at  300°C  for  120 
hours:  a)  and  b)  iirmersed  in  liquid,  and  c)  and  d)  exposed 
to  vapor. 


W  aG  H 


Figure  5.  SHA  oxide  after  exposure  in  an  autoclave  at  300°C  for  120 
hours:  a)  immersed  in  liquid,  and  b)  exposed  to  vapor. 


CONCENTRATION  (atomic  %) 


Figure  6.  Scanning  electron  micrograph  after  tensile  testing  of  the  CAA 
adherend,  which  had  been  exposed  to  air  for  1200  hr  at  330°C. 
A  replica  of  a  honeycomb  structure  is  evident,  indicating 
that  the  oxide  has  been  lifted  from  the  adherend. 


DEPTH  (A) 


Figure  7.  XPS  depth  profiles  after  tensile  testing  of  the  debonded 
surface  from  the  a)  metal  and  b)  stud  side  of  a  Ti-6A1-4V 
adherend  exposed  to  air  for  1200  hr  at  330°C.  The  profiles 
indicate  that  failure  occurred  at  the  oxide-metal  interface. 
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CONCENTRATION  (atomic  %) 


Figure  8.  AES  depth  profiles  of  the  flat  areas  of  unbonded  SHA  oxides 
after  environmental  exposure;  a)  as-anodized;  b)  air,  ojU  l 
165  hr;  and  c)  steam,  300°C,  120  hr. 


Figure  9.  X-ray  photoelectron  spectra  after  tensile  testing  of  a)  stud 
and  b)  metal  side  of  a  Ti-6Al-4\/  adherend  exposed  to  steam  in 
a  high-pressure  autoclave  for  120  hours  at  300°C. 
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CONCENTRATION  (atomic  %) 


Figure  10.  AES  sputter-depth  profiles  of  CAA  oxides  after  annealing  in 
vacuum  for  1  hour:  a)  as-anodized,  b)  450°C,  and  c)  700°C. 
The  etch  rate  is  ~  15  nm/min. 
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EFFECT  OF  TRACE  ELEMENTS  IN 

CHEMICAL  PROCESS  SOLUTIONS 
ON  BONDING  SURFACES 

Abstract:  Trace  elements  in 

chemical  process  solutions 
used  to  prepare  metal  surfaces 
for  adhesive  bonding  sometimes 
affect  the  appearance  of  the 
bond  surfaces.  Specifically, 
the  chloride  ion  in  a  solution 
of  bisulfate  and  sulfuric  acid 
retards  the  removal  of  surface 
smut.  This  smut  [where  chloride 
content  is  less  than  50  parts 
per  million  (ppm)]  is  removed 
in  a  solution  of  sodium  di- 
chromate  and  sulfuric  acid. 
When  the  concentration  of  the 
chloride  ion  increases  above 
50  ppm,  the  difficulty  of  the 
smut  removal  is  directly  propor¬ 
tional  to  the  concentration. 

Procedure:  The  basic  approach 

was  to  determine  what  element 
or  compound  affect  the  removal 
of  smut  by  a  solution  of  sodium 
di  chromate  and  sulfuric  acid. 
Bell  Helicopter  uses  two  methods 
for  preparing  Type  301  stainless 
steel  for  adhesive  bonding: 

1.  Sodium  bi sulfate/sulfuric 
acid  etch 

2.  Sulfuric  acid  etch 

The  surface  of  stainless  steel 
can  be  prepared  for  bonding 
by  being  etched  in  a  solution 
of  (1)  sodium  bi sulfate  and 
sulfuric  acid  with  a  total 

acid  concentration  of  9-12% 

by  volume  for  7-9  minutes. 
The  etch  rate  of  this  solution 
is  one-seventh  of  that  of  a 

solution  of  (2)  25-35%  by  volume 
sulfuric  acid.  The  necessity 
for  etching  stainless  steel 

less  than  0.020  inch  thick 

for  adhesive  bonding  and  still 
maintaining  dimensional  toler¬ 
ances  created  the  need  for 


the  development  of  the  sodium 
bisulfate/sulfuric  acid  etch 
solution.  The  addition  of 
the  sodium  bi sulfate  reduces 
the  reaction  rate,  and  prevents 
excessive  surface  roughness 
and  metal  removal  if  the  correct 
time  of  etch  is  slightly  exceed¬ 
ed. 

During  the  process  of  etching 
the  stainless  steel  with  sul¬ 
furic  acid,  a  black  smut  forms. 

A  solution  of  sodium  di chromate 
and  sulfuric  acid  removes 
this  easily,  leaving  a  dull 
metallic  grey  surface.  However, 
etching  with  the  sodium  bi- 
sulfate  mixed  with  sulfuric 
acid  makes  the  ease  of  smut 
removal  erratic.  In  an  effort 
to  determine  if  the  smut  had 
a  deleterious  effect  on  the 
bond  peel  strengths,  samples 
underwent  a  peel  test.  The 
results  of  these  tests  indicate 
there  is  no  short  term  effect 
on  the  bond  peel  strengths. 

A  check  of  a  sample  of  the 
sodium  bi sulfate/sulfuric 
acid  solution  showed  that 
the  sample  contained  approxi¬ 
mately  125  ppm  of  chlorides. 
After  several  tests  it  was 
determined  the  chloride  concen¬ 
tration  affected  the  amount 
of  smut  removed.  Further 
testing  showed  that  the  manufac¬ 
tured  sodium  bi sulfate  contained 
chlorides  in  excess  of  250 
ppm.  It  was  then  determined 
the  maximum  concentration 
of  the  chloride  ion  should 
not  exceed  50  ppm,  otherwise 
the  smut  removal  process  would 
not  work.  As  the  chloride 
ion  concentration  increases, 
the  smut  removal  decreases. 
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Conclusion:  The  chloride  con¬ 

centration  generated  during 
the  manufacture  of  sodium  bi- 
sulfate  depends  directly  on 
the  temperature  of  the  manu¬ 
facturing  process  (the  higher 
the  manufacturing  temperature 
the  lower  the  concentration 
of  chlorides).  Chloride  concen¬ 
trations  greater  than  50  ppm 
retards  the  smut  removal  process. 
Smut  left  on  the  surface  has 
no  appreciable  short-term  effect 
on  peel  strength,  but  the  long¬ 
term  effect  is  unknown. 

For  satisfactory  quality  con¬ 
trol  ,  the  smut  must  be  removed 
prior  to  bonding  (visual  evi¬ 
dence  of  etching  should  not 
be  masked  by  the  black  smut). 
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ABSTRACT 

One  of  the  greatest  concerns  of  the  aerospace 
materials  engineer  is  how  a  manufactured  final  part 
will  change  structurally,  dimensionally,  and  weight 
wise  during  its  lifetime  on  an  aircraft. 
Polyroethacrylimide  (PMl)  foam  has  been  chosen  as  a 
core  material  for  use  on  the  Army's  Advanced 
Composite  Airframe  Program  (ACAP),  and  is  a 
candidate  for  use  in  other  current  and  future  Army 
helicopters  (JVX,  LXH).  The  main  objective  of  this 
paper  is  to  answer  a  few  of  the  questions 
concerning  structural  integrity,  dimensional 
stability,  and  weight  gain  of  this  closed  cell 
thermoplastic  structural  foam  by  processing  typical 
sandwich/skin  structures,  and  determining  the 
effects  of  moisture  absorption  on  peel  strength. 
Results  of  the  PMI  foam's  exposure  to  the  combined 
effects  of  elevated  temperature  and  high  humidity 
conditions  were  compared  directly  to  identical 
sandwich/skin  constructions  using  aramid  honeycomb 
core  in  both  4  and  6  1b/ft^  densities,  used  widely 
by  the  aerospace  industry. 

Polymethacrylimide  foam  cores  and  honeycomb  cores 
were  used  both  in  the  “as-is"  condition  received  by 
the  manufacturers,  and  in  an  annealed  or  heat 
treated  condition  prior  to  layup  of  the  sandwich 
constructions  to  determine  their  respective 
dimensional  stability  during  a  standard  autoclave 
curing  cycle.  Two  350°F  cure  structural  film 
adhesive  prepregs  were  used  for  autoclave  bonding 
j4B°  S-2  glass/epoxy  precured  facesheets  onto  both 
the  foam  and  honeycomb  constructions  to  determine 
their  respective  surface  bonding  ability  and 
relative  moisture  barrier  properties.  The  cured 
sandwich  panels  were  then  finally  machined  to  ASTM 
D  1781  climbing  drum  peel  te.st  specimens  and 
subjected  to  95%  relative  humidity  at  160°F  for 
exposures  up  to  720  hours  and  subsequent  redry  both 
with  and  without  RTV-sealed  edges  to  determine 
comparative  moisture  weight  gains  and  their  effect 
on  peeling  torque. 

Results  showed  that  water  uptake  in  PHI  foam  core 
sandwich  structures  tested  was  significantly  higher 
than  honeycomb  cores  of  similar  density.  However, 
facesheet-to-core  peeling  torques  did  not  suffer 
due  to  this  migration  of  moisture. 


INTRODUCTION 

Sandwich/skin  composite  structures  have  become  an 
increasingly  popular  structural  consideration  vs. 
monoqoque  or  skin/skeleton  designs  because  of  the 
dramatic  strength/stiffness-to-weight  improvements 
that  are  achievable  with  organic  matrix  materials. 
Applications  Include  use  in  Army  helicopter  rotor 
blades,  fuselages,  cargo  floors,  and  tail  booms,  as 
well  as  potential  use  in  tactical  shelters  and  high 
mobility  ground  vehicles.  For  aircraft  structures 
in  particular,  the  most  commonly  used  structural 
core  materials  have  been  honeycombs  such  as  “Nomex" 
a  phenol ic-coated  aramid  paper  produced  by  DuPont 
and  manufactured  into  honeycomb  form  by  Hexcel 
Corp.  Until  recently,  structural  foam  cores  could 
not  compete  on  an  equal  density  basis  with  Nomex, 
while  maintaining  acceptably  high  compressive  and 
peel  strengths.^ 

Polymethacrylimide  (PHI)  foam,  manufactured  in  West 
Germany  by  Rohm  and  Haas,  and  marketed  as 
“Rohacell"  foam,  currently  offers  the  highest 
compressive  strength  of  the  low  density  foam  core 
materials  (Figure  1). 

Potential  advantages  of  using  PHI  foam  versus 
honeycomb  are  listed  below: 

1.  Lower  sheet  stock  cost  -  aerospace  WF 
grades  are  presently  about  1/3  less  than 
the  HRH-10  grades  of  similar  density 
(Figure  2 ) . 

2.  Ease  of  machinability  -  ability  to  rough 
cut  foam  to  approximate  shape,  then 
compression  mold  to  final  net  shape,  for 
complex  contour  part  production  without 
requiring  expensive  5-axis  machining.  Low 
cost  foam  mandrels  may  also  be’  machined, 
then  used  for  filament  wiading,  braiding, 
or  tape  laying  operations.^ 

3.  When  annealed,  the  isotropic  WF  grade  of 
PHI  foam  maintains  0  and  90  compressive 
strength  to  350°F. 

4.  Thermal  expansicy^of  PHI  foam  at  elevated 
temperatures  "  provides  internal 
pressure  to  help  stabilize  skins/adhesives 
during  co-curing  operations. 
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gr^  0  DtgrNS  TTm  90  DqrHS 

Figure  1.  0®  &  90°  Compressive  strengths  of  aircraft  grade  core  materials. 


Three  inherent  disadvantages  of  PMI  foam  are  the 
following: 

1.  Water  absorption  is  comparatively  higher 
than  all  of  the  other  aircraft  grade  foams 
and  honeycomb  referenced  in  this  paper. 

2.  It  wUl  burn  with  a  slightly  smokey 
f 1 ame . 

3.  Because  of  the  foam's  relatively  small 
cell  size,  bondir^  ,a^i  1 ity  to  substrates 
can  be  difficult.  ’  ’  (Improved  bonding 
can  be  achieved  through  the  use  of  needle 
rollers  which  are  available  at  the  foam 
suppl ier) . 

In  this  study,  aramid  honeycomb  is  compared 
directly  to  the  PMI  foam  so  that  the  materials 
engineer  will  have  a  more  tangeable  understanding 
of  what  to  expect  for  dimensional  stability  during 
the  annealing  and  autoclave  processing,  as  well  as 
subsequent  relative  weight  gains  and  peel  strengths 
when  these  cores  are  employed  as  part  of  an  actual 
sandwich/skin  structure. 


EXPERIMENTAL 

The  materials  used  in  the  sandwich/skin  laminates, 
along  with  their  manufacturers,  are  listed  in  Table 
1.  3M's  SP-25n  S-2  glass/epoxy  prepreg,  in  a 
two-ply  +  45"  orientation,  was  used  for  sandwich 
skin  facesheets  on  all  laminates.  Forty  eight  2 
ft.  X  2  ft.  facesheets  were  precured  in  an 
autoclave  using  the  manufacturer's  standard  cure 
cycle,  then  lightly  sanded  on  one  side  to  improve 
subsequent  bonding  to  the  cores.  All  2  ft.  x  2  ft. 
core  materials,  including  two  densities  of  Nomex 
aramid  honeycomb  HRH  10-4  and  HRH  10-6  (4  and  6  lb. 
density),  were  cut  down  the  middle  so  that  one  1 
ft.  X  2  ft.  core  half  could  be  dried  and  annealed 
while  its  other  half  received  no  treatment.,  the 
PMI  halves  were  also  needled  using  a  specially 
built  hand  needle  roller  provided  by  the  foam 
supplier.  The  "pretreated"  heating  cycle  included 
72  hours  at  15o"f  followed  by  36  hours  ojj  ^tjjiealing 
at  350"f  in  an  air  circulating  oven.  ’  Even 
though  the  annealing  acutally  takes  place  only  in 
the  PMI  foam,  the  honeycomb  was  also  given  the  same 
treatment.  These  cores  were  then  remated  with 
their  untreated  other  halves,  labelled,  and  placed 
in  polyethylene  pouches  to  await  final  autoclave 
processing.  It  was  noted  during  the  rematching  of 
halves  that  the  pretreated  foam  was  a  uniform  pale 
yellow  compared  to  the  milk  white  untreated  half. 
The  pretreated  honeycomb  had  darkened  from  a  light 
amber  to  a  brown  color.  Also  noted  was  an  average 
.11  in. /ft.  lengthwise  contraction  or  shrinkage  of 
the  PMI  foam  and  a  corresponding  average  .12 
in. /ft.  lengthwise  expansion  of  the  honeycomb. 


Table  1  MAmiFACTURSRS  OF  MATERIALS  USED 


RohaceXl  Foam  -  Mfd.  by  Rohm  &  Haas,  West  Germany 
Distributed  in  U.S.  by  Gyro  Ind., 
Orange,  CT 

Nomex  Honeycomb  -  Mfd.  by  Hexcel  Corp.,  Casa  Grande,  AZ 

Scotchply  Skins  -  Mfd.  by  3M  Corp.,  St.  Paul,  MN 
AF-147  Film  Adhesive 

FM  300-K  Film  Adhesive  -  Mfd,  by  American  Cyanamid, 
Havre  De  Grace,  MD 


With  the  cores  ready  for  sandwich/skin 
construction,  two  structural  film  adhesive  prepregs 
with  scrims  were  taken  out  of  the  freezer  for 
overnight  thawing  to  room  temperature  in  their  bags 
so  that  condensation  would  not  form  on  the 
American  Cyanamid  FM-300K  and  3M 
AF-147,  both  prepregs  approximately  .08  Ibs/ft.^ 
had  been  previously  identified  as,  having  better 
than  average  moisture  resistance. The  layups 
were  done  on  polyvinylflouride  (PVF)  release  film 
covered  3/8"  T-6  aluminum  caul  plates,  overwrapped 
with  bleeder-release  cloth  and  burlap.  Because  of 
the  honeycomb  core's  relatively  weak  transverse 
compressive  strength,  extra  metal  strips  were'cut 
and  placed  around  the  perimeters  of  each 
construction  to  prevent  "cave-in"  of  the  sides  due 
to  autoclave  pressure  during  cure.  Nylon  vacuum 
bags  with  glands  were  then  heat  sealed  around  each 
layup,_  and  vacuums  applied.  Since  both  film 
adhesives  used  shared  a  common  cure  cycle,  all 
constructions  were  autoclave  cured  under  the  same 
conditions  (Figure  3). 

Precured  Facesheet; 

Scoichply  SP-250  S-2 
2-Ply  +450 

Rohacell  Rigid  Foam; 
71  WF  (4.4  Ibm3) 
110  WF  (6.6  Ibm3) 


Structural 
Film  Adhesive 
Prepreg: 
FM-300K  or 
AF-147 


Nomex  Honeycomb  Core- 
HRH  10-4  (4.0  Ibm3) 
HRH  10-6  (6.0  Ibm3). 


Precured 

Facesheet 


Autoclave  Cure  Cycle; 

Bonding  Pressure  -  40  psi  -f  Vacuum  Bag 
Temperature  Rise  Rate  -  5°F/Minute 
Cure  -  350dF  for  1  hour 
Pressure  Release  -  During  Cooldovnn  at  100"F 

Figure  3.  Sandwich/skin  construction!. 


Fabricated  Sandwich 
Panel 
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After  the  cure  cycle,  the  sandwich/skin  laminates 
were  removed  from  their  wrappings,  marked,  and 
relabelled  (Figure  4)  for  diamond  wheel  machining 
into  3"  X  12"  climbing  drum  peel  test  specimens  as 
outlined  in  ASTM  D-17R1.  When  unwrapped,  it  was 
observed  that  the  PMI  foam  sandwiches  that  had  not 
undergone  the  redry  and  annealing  pretreatment  had 
compressed  in  a  concave  fashion,  while  their 
matching  pretreated  halves  appeared  unaffected. 
Average  thickness  from  specimens  of  the  cured 
laminates  are  shown  in  Figure  5.  The  honeycomb 
cores,  both  with  and  without  heat  pretreatment, 
retained  very  close  thickness  dimensions  (Figure 
6). 


^^li^R^"cELLTFW 

^^NOPRETR  E  ATM  E  NT  is 

1)  FOAM  COR^^& 
PRETREATMENT  <• 

^  ■.y.j 

?/V  •' :  ' 

•  ■>  i*'"  / 

.  x;j 

Figure  4.  Labelled  sandwich/skin  laminates  prior  to 
machining  into  climbing  drum  peel  specimens. 


QEUNot  Pretreated 


Figure  5.  Effect  of  core  pretreatment  on  thickness  of 
sandwich/skin  constructions  after  autoclave  curing. 


NOMEX  ROHACELL  {PM\} 

HOIMEYCOMB  FOAM  CORE 


Figure  6.  Effect  of  "Pretreated"  versus  "Not  Pretreated"  core 
materials  on  final  sandwich/skin  thickness. 


Humidity  Conditioning 

Each  sandwich/skin  construction  was  divided  into 
seven  groups  with  three  specimens  per  group,  for 
humidity  conditioning  (Table  2).  Specimens  1-12 
were  unsealed  along  the  sides  because  of  the 
relatively  short  times  of  exposure  and  to  help 
determine  water  weight  gain  through  the  unprotected 
foam.  Specimens  13-21  were  sealed  with  MIL-A46106A 
type  1  general-purpose  RTV  silicone  adhesive 
sealant.  The  sealant  was  used  to  help  determine 
water  weight  gain  through  the  facesheet  sides  of 
the  specimens  over  extended  exposure  times. 


Table  2  HUMBERING  CLASSIFICATION  FOR  EACH  CORE  MATERIAL 
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A  Blue  M  environmental  chamber,  model  #AC-76n2HA, 
was  set  at  95%  relative  humidity  and  160°F  for  all 
exposures.  Except  for  specimens  1-3,  which  were 
baseline  specimens  that  had  no  exposure  in  the 
chamber,  each  of  the  336  specimens  tested,  both 
with  and  without  pretreatment,  was  weighed  before 
and  after  exposure,  and  the  difference  recorded. 
In  addition,  one  square  foot  of  each  separate 
material  used  was  weighed  out  and  subjected  to 
long-term  (90  day)  humidity  exposure.  The  prepreg 
skins  and  structural  film  adhesives  were  precured 
prior  to  testing.  This  testing  was  carried  out  to 
determine  the  contributing  effects  of  moisture 
absorption  by  each  component  of  the  composite 
sandwich/skin  laminate. 

Climbing  Drum  Shear  Peel  Testing 

After  humidity  exposures,  each  set  of  specimens  was 
bagged  in  a  polyethylene  pouch  and  transported  to 
ARDEC  for  climbing  drum  peel  testing.  The  ASTM 
D17B1  procedure  was  followed  using  a  Custom 
Scientific  Inc.  climbing  drum  peel  apparatus  and  a 
standard  Instron  tensile  testing  machine  (Figure 
7).  A  crosshead  speed  of  1  inch/minute  was  used 
for  an  effective  specimen  peel  rate  of  4 
inches/minute  on  the  drum.  The  chart  speed  was  set 
at  1  inch/minute.  The  load  required  to  bend  and 
peel  the  adherend  as  well  as  the  load  required  to 
overcome  the  resisting  torque  of  the  climbing  drum 
was  recorded  on  the  chart  paper  for  each  specimen. 

RESULTS  AND  DISCUSSION 


Unprotected  Core  Material  Weight  Gain 
2 

Unprotected  1  ft.  core  materials  of  both  Rohacell 
and  Nomex  were  found  to  readily  accept  moisture, 
but  the  relative  differences  in  percent  weight  gain 
were  significant.  When  they  were  subjected  to 
long-term  humidity  exposure,  (Figure  B),  the  Nomex 
showed  a  peak  weight  gain  after  30  days  of  3.7  - 
3.8%,  and  thereafter  a  leveling  off.  The  Rohacell 
varied  from  4.4%  weight  gain  after  30  days  with  the 
71  WF  .472"  core,  to  as  much  as  10,9%  with  the  110 
WF  1“  core,  after  which  the  foam  started  to  lose 
weight.  Because  of  the  4.4  .  in. 9  range  in  weight 
gains,  it  was  probable  that  the  lower  density  foams 
had  reached  their  saturation  point  and  had  started 
losing  weight  well  before  the  30  day  weighings. 
This  was  confirmed  by  oven  drying  (Figure  9) 
followed  by  a  72  hour  ambient  temperature 
stabilization  period,  and  re-exposure  of  the  core 
materials,  (Figure  10),  for  a  short  term  under 
identical  humidity  conditions  but  taking  data 
points  more  often.  The  Nomex  rate  of  moisture 
pickup  dropped  off  markedly  after  2-4  hours 
exposure  and  did  not  exceed  a  3.4%  weight  Increase. 
The  Rohacell  weights  began  to  level  off  only  after 
24  hours,  with  weight  increases  ranging  from  7.1  - 


IHIS  TEST  MEASURES  THE  TORQUE  TO  PER  THE 
FACING  FROM  THE  CORE.  THE  PEEING  TORQUE 
DEPENDS  ON  THE  RESILIENCE  OF  THE  ADHESIVE 
BOND  AND  ON  CORE  STRENGTH.  IT  IS  CALCULATED 
AS  FOUOWSi 


T- 

WHERE: 

f  ■ 


,  Kro-riKFp*?^)? 

— ir — 


•  AVERAGE  PEa  TORQUE.  In.-IbHn.  OF  WIDTH 

>  RADIUS  OF  FLANGE,  INaUOING  CWE  HALF 
THE  THICKNESS  OF  THE  ADHEREND  BEING 
PEELED,  in. 

-  RADIUS  OF  DRUM  PLUS  ONE  HALF  THE 
THICKNESS  OF  THE  ADHEREND  BEING 
PELED,  In. 

■  AVERAGE  LOAD  REQUIRED  TO  BEND  AND 
PEEL  ADHEREND  PLUS  THE  LOAD  REQUIRED 
TO  OVERCOME  THE  RESISTING  TORQUE,  lb 

>  LOAD  REQUIRED  TO  OVERCOME  THE  RESISTING 
TORQUE,  lb 

-  WIDTH  OF  SPECIMEN,  In. 


Figure  7.  Climbmg  drum  peel  test  (ASTM  D  1781,  MIL-STD  401B). 


Figure  8.  Effect  of  prolonged  humidity  exposure  on 
1  ft^  sandwich/skin  components. 
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0  20  « 


Oven  Redrying  Time  At  150^F,  Hours 


Figure  9.  Effect  of  redry  on  T  ft^  cores  after  90-day  humidity  exposure. 


Figure  10.  Effect  of  short-term  humidity  exposure  on  1  ft^  cores. 


Sandwich/Skin  Weight  Gain  -  Unsealed  Edges 

The  top  halves  of  Figures  11-14  show  the 
corresponding  weight  changes  of  the  3"  x  12" 
climbing  drum  peel  specimens  with  unsealed  edges 
when  exposed  to  80  and  160  hours  of  95%  R.H.  and 
160°F,  and  subsequent  air  circulating  oven  redry  at 
140°  for  72  hours.  The  sandwich/skin  specimens 
with  pretreated  core  material  registered  high 
weight  gains  and  an  equal  or  higher  rate  of 
moisture  uptake.  At  the  160  hour  mark,  peak 
percent  weight  gain  for  the  Nomex  was  1.5%  for 
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Exposure  Time  (@95%  R.H.,  160®n,  hours — *-|  Subsequent  Redry  I 
Ii400F  for  72  Hours 

-  Prclreated  Ronacel!  71  WF  (0.477'  (j>rei  with  AF-147  Adhesive 

-  Nontreeted 

•  Pretreaied  Rohacell  71  WT  (0.984”  Corel  wrth  FM-300K  Adhesive 

•  Nomreated 


Exposure  Time  l@  95%  R.H..  16CPn,  Hours - ►I  Subsequent  Redry  i 

I  \40^  (Of  72  Hours 

- Pretreated  Nome*  HRH  10-6  (1/2”  Corel  with  AF-147  Adhesive 

- Nontreateo 

— —  Preaied  Nome*  HRH  10-6  d"  Corel  with  FM-300(C  Adhesive 
- —  .  Nontreateo 


Exposure  Tune  (@  95%  R.H..  160°Fi.  Hours — fcJ Subsequent  Redry  i 
ll400F  tor  72  Hours 


Figure  15.  Average  peeling  torque  of  climbing  drum  specimens  -  Rohacell  71  WF. 


P”  Exposure  Tiff*  it  95%  R.H.,  160°F,  Hours  — SubsequenURedry  8 

I  140®F  for  72  Hours 

Figure  14.  Water  weight  gain  of  climbing  drum  peel  specimen*  -  Nomex  HRH  106. 
Average  Peel  Torque 

Since  the  climbing  drum  peel  test  does  not 
discriminate  core  thickness  for  determining  the 
peel  torque,  testing  variables  were  based  on  core 
density,  core  pretreatment,  specimen  humidity 
conditioning,  and  type  of  structural  film  adhesive 
prepreg  used. 


Ewsure  rime*  9»  «.H.,  ISlff),  Hours  — J  SuOSMumt  Rodry# 
I  14£fF  for  7?  Hours 

—  RretnatM  Ronacell  110  WF  I0,S'  Coroi  »ltn  *f-147  Mhesin 
--  Nontroateo 

—  RrttreatM  Ronacill  no  WF  II"  Corel  »itti  FM-JOOR  *ahesl« 

-—Nont  rested 


The  type  of  skin-to-core  failures  when  peeling  off 
skins  was  significant.  Both  structural  adhesives 
evaluated  bonded  better  to  the  Nomex  cores  than  to 
the  Rohacell.  For  the  Rohacel 1-peel ed  specimens, 
the  majority  of  the  adhesive  was  on  the  skin  side 
rather  than  on  the  core.  The  only  evidence  of 
adhesive  on  the  core  surface  was  where  small  holes 
were  punched  through  it  from  the  "needling 
operation",  using  hand  rollers.  For  the  Nomex 
cores,  the  adhesive  formed  a  meniscus  around  each 
honeycomb  cell,  which  ultimately  stayed  on  the  core 
side. 

According  to  the  graphs  in  Figures  lB-18,  the 
trends  for  the  Nomex  and  Rohacell  showed  a  general 
increase  in  peel  torque  values  with  humidity 
exposure  time.  The  AF-147  structural  film  adhesive 
performed  better  for  all  Nomex  specimens,  while  the 
FH-30nK  displayed  slightly  higher  torque  values  for 
the  Rohacell  specimens.  The  ranges  of  average 
peeling  torque  calculated  for  the  Nomex  HRH  10-4 
specimens  started  at  16-RO  and  spread  to  lfi-29  in. 
Ib/in  after  exposures.  The  HRH  10-6  specimens 
started  at  21-23  and  fanned  out  to  a  range  of  16-3? 
in.  Ib/in.  Rohacell  71  HF  average  torque  values 
started  at  a  range  of  9-13  and  changed  only 
slightly  to  9-19  in.  Ib/in.  The  110  WF  foam  values 
started  out  at  13-17  and  varied  only  to  13-21  in. 
Ib/in. 

From  these  sandwich/skin  test  results,  the  71  WF 
specimens  averaged  about  57%  of  the  HRH  10-4 
specimen  peel  torque,  while  specimens  with  110  WF 
cores  averaged  about  67%  of  the  HRH  10-6  core  peel 
torque.  There  were  data  points  indicating  as  much 
as  a  3X  improvement  in  average  peeling  torque  with 


Exposure  Time  W  05*  R.H..  Hours.  — .-j  Subsequent  Redry  0 

I  llfl"  tor  72  Hours 

Figure  16.  Average  peeling  torque  of  climbing  drum  specimens  -  Rohacell  110  WF. 
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so  160 

Exposure  Time  (8  95%  R.H.,  160*^},  Hours — SiAsequent  Ridry  t 
1 140^  tor  72  Houn 

-  Pretreeted  Nomex  HRH  10-4  (1/?'  Core)  with  Af-IAT  Adhesive 

-  Nontreated 

•  Pretreated  Nomex  HRH  10-4  d”  Core)  with  FM-3ao  K  Adhesive 

-  Nontreated 


I.  Hours— Subsequent  R' 
1 140OF  tor  72  F 


Exposure  Time  (@95%  R.H..  160**^, 


Figure  17.  Average  peeling  torque  of  climbing  drum  specimens  -  Nomex  HRH  104. 
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RTV-Sealed  Santtwich'Skln  Unsealed  Sandwich/Skin 

Averaje  Peel  Torque  Average  Peel  Torque 

T.  in.-lb/in.  Width  T,  In.-lblin.  Width 


ACKNOWLEDGEMENT 


- Pretrealed  tomex  HRH  10-6  II/?'  Corel  wrth  AF-147  Adhesive 

- Nontreated 

"  ■  Pretreated  Nomex  HRH  10-6  (1"  Core)  wrth  FM-300  K  Adhesive 


Figure  18.  Average  peeling  torque  of  climbing  drum  specimens  -  Nomex  HRH  104. 

the  honeycomb  specimens  over  the  structural  foam 
counterparts,  but  the  honeycomb  core  values 
fluctuated  because  of  a  more  complex  tearing  of 
skin  and  honeycomb,  while  the  foam  sandwiches 
peeled  much  more  cleanly. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  comparison  of  moisture  weight  gains  using 
unprotected  core  materials  only,  as  well  as 
unsealed  and  sealed  sandwich/skin  laminates  typical 
of  candidate  composite  aircraft  structures, 
provided  a  more  realistic  guide  for  understanding 
how  the  moisture  is  absorbed,  how  much  moisture  is 
absorbed  and  released  for  given  exposures,  and  its 
effect  on  structural  integrity. 

The  results  of  this  study  showed  that  moisture 
absorption  did  not  effectively  decrease  the  peel 
torques  on  the  sandwich/skin  specimens  hut  actually 
increased  them.  A  reason  for  his  behavior  may  be  a 
plasticizing  effect  or  reduced  brittleness  that  tlj^ 
moisture  imparted  to  the  sandwich/skin  laminates. 
The  moisture  also  acts  to  relieve  stress 
concentrations  that  may  be  present  at  the 
skin^dhesive/core  interface. 

Since  moisture  uptake  was  substantial  for  the 
unprotected  foam  in  particular,  the  need  for 
increased  moisture  resistance  in  the  skin  adhesive 
bonding  film  became  more  significant.  The  two  film 
adhesives  used  had  very  similar  weight  gains  with 
respect  to  exposure  time,  and  were  found  to  be 
compatible  with  both  cores.  In  the  foam  specimens, 
the  AF-147  film  adhesive  was  better  able  to  flow 
into  the  cell  structure  and  needled  holes  of  the 
foam  core  than  the  FM-300K,  but  the  FM-300K 
resultant  peel  torques  were  marginally  higher. 

The  Nomex  honeycomb  proved  to  be  superior  in 
moisture  weight  gain  and  peeling  torque  for  both 
densities  tested.  For  Rohacell  applications  where 
weight  stability  is  critical  and  high  humidity 
exposure  is  significant,  it  is  recommended  that 
lower  density  and  thinner  cores  be  used  to  minimize 
weight  gain.  Also  recommended  is  further  study  in 
improved  moisture  barrier  resins  and  prepregs 
compatible  with  the  PMI  foam.  For  most 
applications,  however,  where  a  hot  wet  environment 
is  not  a  concern,  or  where  the  skin  thicknesses  are 
greater,  the  ease  to  machine  and  form  heat  treated 
PMI  foam  into  complex  contour  and  tapered  shapes 
will  continue  to  be  an  asset. 
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should  be  noted  that  reference  to  a  company  or 
product  name  does  not  imply  approval  or 
recommendation  of  a  production  hy  the  Army 
Materials  Technology  Laboratory  to  the  exclusion  of 
others  that  may  be  suitable. 
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ELECTRO-OPTICAL  &  DATA  SYSTEMS  GROUP  -  HUGHES  AIRCRAFT  COMPANY 
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1.  INTRODUCTION 

The  assembly  of  large  struc¬ 
tures  can  be  accomplished  by 
adhesive  bonding  using  room 
temperature  (RT)  curing  adhe¬ 
sives.  Such  a  joining  tech¬ 
nique  is  routinely  utilized  for 
the  structural  assembly  of 
Hughes  Aircraft  Company's  com¬ 
munication  satellites.  The 
large  size  of  these  structures 
makes  oven  or  autoclave  cures 
impractical.  Where  such  adhe¬ 
sive  bonds  join  the  primary 
structure  of  the  spacecraft, 
special  controls  must  be  admin¬ 
istered  to  assure  high  reli¬ 
ability.  The  need  for  reli¬ 
ability  is  compounded  by  the 
tendency  to  design  ultra-light 
weight  assemblies  and  by  the 
non-repair ability  of  orbiting 
spacecraft.  Thus,  a  technology 
of  optimizing  RT-cured  adhesive 
bonding  has  evolved  at  Hughes 
over  more  than  two  decades. 


2.  COMPARING  RT-AND 

HEAT-CURING  STRUCTURAL 
ADHESIVES 

Heat-curing  adhesives  are  most 
commonly  procured  in  film  form, 
whereas  RT-curing  adhesives  are 
most  commonly  procured  in  paste 
form.  Film  adhesives  generally 
consist  of  a  mixture  of  reac¬ 
tive  polymeric  ingredients  ap¬ 
plied  to  a  carrier  fabric  and 
sandwiched  between  removal 
release  films.  The  task  of 
weighing  and  blending  these 
ingredients  is  performed  by  and 
proved  correct  by  the  adhesive 
manufacturer  prior  to  leaving 
their  factory.  In  contrast. 


paste  adhesives  are  commonly 
sold  as  two  component  kits, 
which  are  measured  and  mixed  by 
the  user. 

Generally,  heat-cured  adhesives 
develop  higher  bond  strengths 
and  may  have  a  higher  useful 
temperature  range  than  do  RT- 
cured  adhesives.  The  process 
of  heat-curing  the  adhesive 
drives  the  polymerization  reac¬ 
tion  to  completion  and  maxi¬ 
mizes  the  glass  transition  tem¬ 
perature  (Tg)  of  the  polymer. 
Higher  TG's  are  associated  with 
higher  useful  temperature 
limits. 

Autoclave  processing  of  the 
assembly  is  often  employed  to 
apply  additional  pressure  to 
the  bond line  and  mazimize  wet- 
tine  and  adhesion.  For  these 
reasons,  heat-cured  adhesives 
are  preferred  over  RT-cured  ad¬ 
hesives  in  the  absence  of  other 
considerations . 

Some  of  the  reasons  for  selec¬ 
ting  an  RT-cure  bonding  process 
include:  1)  getting  around  the 
size  limitations  (or  non-avail¬ 
ability)  of  autoclaves  or 
ovens,  2)  getting  faster  pro¬ 
duction  rates  and  less-costly 
processing,  and  3)  minimizing 
the  residual  stress  in  the 
bondline  at  RT.  The  last  point 
can  be  explained  as  follows : 
The  difference  between  coeffi¬ 
cients  of  thermal  expansion  of 
adherend  #1,  adherend  #2,  and 
the  adhesive  give  rise  to  a 
state  of  residual  shear  stress 
in  the  adhesive  as  the  assembly 
cools  from  the  cure  temperature 
down  to  room  temperature.  It 
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a.  Configuration  at  cure  temperature. 


HEAT-CURING  OE  ADHESIVES  MAY  WARP  OR  BREAK 
ASSEMBLED  HARDWARE  DUE  TO  EXCESSIVE  STRESS  IN 
BONDLINE  DURING  COOL  DOWN 

Figure  1 .  Mismatch  of  coefficients  of 
thermal  expansion, 

is  possible  that  the  stress  can 
be  large  enough  to  rupture  the 
adhesive  or  warp  the  assembly. 
This  is  illustrated  in 
Figure  1.  Ideally,  the  zero- 
stress  state  should  be  the  mid¬ 
point  of  the  service  temperat- 
ture  range.  For  many  applica¬ 
tions,  RT  is  the  midpoint.  If 
the  cure  temperature  is  RT  then 
stress  is  nearly  zero  at  RT. 

3.  APPLICATIONS  FOR  RT -CURING 
ADHESIVES 

There  are  a  variety  of  applica¬ 
tions  where  the  cure  of  the  ad¬ 
hesive  is  best  done  at  ambient 
conditions.  Assembly  of  space¬ 
craft  structures  is  one  case, 
as  mentioned  earlier.  The  size 
of  communication  satellites 
have  been  getting  steadily  ever 
larger.  The  latest  of  the 
Hughes  satellites,  Intelsat  VI, 
has  a  fully  deployed  size  of 
12  feet  diameter  x  39  feet 
long.  Figure  2  shows  the 

satellite's  size  relative  to 
the  assembly  crew.  Such  large 


Figure  2.  INTELSAT  VI. 

structures,  especially  when 
held  in  their  related  assembly 
fixtures,  are  not  readily  moved 
into  ovens  or  autoclaves. 

Another  application  for  RT- 
curing  adhesives  is  the  bonding 
of  optical  assemblies.  Glass 
is  a  very  low  expansion  materi¬ 
al,  but  is  often  joined  to 
higher  expansion  materials  such 
as  aluminum  or  stainless  steel. 
The  brittle  nature  of  glass  can 
easily  lead  to  fractures  from 
the  stresses  of  CTE  mismatch. 
Another  problem  is  distortion 
of  the  optics  caused  by  heat 
cures  and  stresses  formed  from 
cooling.  For  these  reasons,  RT 
cures  are  used  for  optical 
bonding. 

Another  application,  which  the 
authors  recently  have  been  in¬ 
volved  with,  is  the  assembly  of 
mobile  army  bridge  members. 
Figure  3  shows  the  deployment 
of  these  tri-arch  bridges. 
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Here,  due  to  large  size,  the 
army  engineers  are  primarily 
interested  in  RT-curing  struc¬ 
tural  adhesives  for  this  appli¬ 
cation.  Cost  reduction  re¬ 
sulting  from  open  room  assembly 
and  avoidance  of  bondline 
stress  from  GTE  mismatch  are 
the  reasons . 


TRI-ARCH  BRIDGE  CONCEPT 


Figure  3.  Tri-arch  bridge. 

Field  repair  of  damaged  mili¬ 
tary  equipment  and/or  struc¬ 
tures,  especially  during  combat 
conditions,  is  another  area  for 
RT-curing  structural  adhesives. 
It  may  be  impossible  to  operate 
an  autoclave  process  in  the 
field  during  battle  conditions. 
RT  cures  with  simple,  even 
make -shift  tooling  is  more 
feasible . 

4.  SPECIAL  PROCEDURES  FOR  RT- 
CURING  ADHESIVES 

Due  to  the  differences  between 
heat -cure  and  RT-cure  bonding 
processes,  a  special  technology 
for  RT-curing  adhesives  is 
really  necessary  to  attain  re¬ 
liable  structural  bonds.  Some 


of  the  special  considerations 
are : 

4 . 1  Adherend  Preparation 

One  of  the  advantages  of  heat 
cures  is  the  increased  solubil¬ 
ity  of  the  adhesive  at  elevated 
temperatures.  This  character¬ 
istic  allows  the  adhesive  to 
dissolve  and  penetrate  surface 
contaminates  on  the  adherend. 
Lacking  this,  the  RT-curing 
adhesives  require  a  better 
level  of  surface  cleanliness 
and  wettability. 

The  commonly -bonded  materials 
for  satellite  assemblies  in¬ 
clude:  aluminum,  beryllium,  ti¬ 
tanium,  Kevlar/epoxy,  graphite - 
fiber/epoxy  composites.  Hughes 
has  conducted  numerous  studies 
of  surface  preparation  methods 
for  these  materials  using  both 
film  adhesives  and  RT-curing 
paste  adhesives  in  the  evalua¬ 
tions.  There  is  a  greater 
sensitivity  to  quality  of  sur¬ 
face  preparation  for  the  RT- 
curing  adhesives.  Tank-etching 
of  metallic  adherends  yields 
higher  bond  strengths  than 
paste -etch  techniques.  The 
process  specifications ,  which 
define  the  acceptable  methods 
of  surface  preparation,  reflect 
the  differences  in  required  lap 
shear  strength  by  different 
processes.  Fiber-reinforced 
composite  materials  require  a- 
brasive  treatments  to  remove 
residual  release  agents  from 
previous  processing  and  to 
break  the  glaze  of  the  epoxy 
surfaces.  However,  techniques 
must  not  be  deleterious  to  the 
composites'  properties.  Table 
1  summarizes  the  preferred 
methods  of  surface  preparation 
for  various  materials . 

Use  of  primers  is  primarily  a 
convenience  to  manufacturing. 
Prepared  metal  surfaces  deteri- 
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TABLE  1 .  METHODS  OF  SURFACE 
PREPARATION  FOR  STRUCTURAL 
BONDING 


MATERIAL 

SURFACE  PREPARATION  METHOD 

ALUMINUM 

IMPROVED  FPL  ETCH  METHOD 
(ALKALINE  CLEAN,  SULFURIC  ACID/ 
SODIUM  DICHROMATE  ETCH) 

BERYLLIUM 

AJAX  CLEAN, 

NITRIC  ACID/HYDROFLUORIC 

ACID  ETCH 

TITANIUM 

ALKALINE  HYDROGEN  PEROXIDE 
METHOD 

FIBER- 

REINFORCED 

PLASTICS 

AJAX  CLEANING  OR  SANDPAPER 

orate  with  time  and  therefore 
bonding  must  be  performed  with¬ 
in  hours  if  the  adhesive  joint 
is  to  develop  optimal  proper¬ 
ties.  However,  if  a  primer  is 
applied  to  the  etched  metallic 
surface  instead  of  the  adhe¬ 
sive,  the  prepared  adherend  may 
be  stored  for  months.  Manufac¬ 
turing  has  more  leeway  in 
scheduling  operations  as  a  re¬ 
sult  of  using  primers. 

If  corrosion-resistant  primers 
are  required  for  sensitive  sub¬ 
strates  such  as  beryllium,  the 
primer  is  serving  two  func¬ 
tions.  The  first  function  is 
as  a  protective  coating.  The 
protective  mechanism  is  due  to 
corrosion  inhibitors,  such  as 
zinc  chromate  being  incorporat¬ 
ed  in  the  primer  formulation. 
The  second  function  is  as  a 
convenience  to  manufacturing  as 
stated  above. 

4 . 2  Adhesive  Preparation 

The  accurate  weighing  and  prop- 
per  mixing  of  adhesive  compo¬ 
nents  is  a  skill -dependent 
process.  Weighing  errors, 
under-mixed  adhesive,  or  air- 
bubble-  laden  adhesive  could 


cause  a  structural  failure  to 
occur  in  the  adhesive  if  the 
strength  is  inadequate .  Film 
adhesives  do  not  have  this 
problem  because  the  weighing 
and  mixing  have  been  done  be¬ 
forehand  and  the  properties  of 
the  resultant  adhesive  veri¬ 
fied.  However,  paste  adhesives 
require  special  verification 
for  each  in-house  preparation 
of  adhesive.  Special  training 
of  bonding  technicians  is  uti¬ 
lized  to  assure  that  the  prop¬ 
er  techniques  are  learned. 
Furthermore,  representative  lap 
shear  specimens  are  made  and 
tested. 

To  assure  even  greater  relia¬ 
bility,  frozen  premix  car¬ 
tridges  are  prepared  of  the 
most  commonly-used  adhesives  to 
relieve  the  technicians  of 
the  weighing/mixing  operation. 
Freezing  the  adhesive  immedi¬ 
ately  after  mixing  ingredients 
and  storing  at  -40  op  suspends 
the  curing  reactions  until 
thawed  for  use.  Small  sam¬ 
plings  are  taken  from  each  fro¬ 
zen  cartridge.  The  samples  are 
used  to  verify  that  lap  shear 
strength  is  acceptable.  Some 
drawbacks  to  frozen  premixes 
are:  some  delay  to  manufac¬ 
turing  in  allowing  for  the 
thawing  of  the  adhesive,  loss 
of  freezer  electrical  power 
which  can  endanger  the  stock  of 
frozen  premix,  and  processing 
characteristics  of  frozen  pre¬ 
mixes  change  with  storage  time. 
Figure  4  illustrates  that  the 
work  life  of  frozen  premixed 
adhesive  RTC-1  diminishes  with 
freezer  storage  time.  Freshly 
frozen  adhesive  can  be  applied 
even  150  minutes  after  thawing 
without  appreciable  loss  of  lap 
shear  strength.  Five  month  old 
adhesive  must  be  applied  quick¬ 
ly  after  thawing  to  avoid  a 
loss  of  lap  shear  strength. 
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Figure  4.  Lap  shear  strength  dependence  on 
adhesive  application  time  versus 
freezer  storage  age  for  frozen 
premixed  adhesive. 


Another  approach  to  the  relia¬ 
bility  question  is  the  use  of 
preweighed  kits  in  their  own 
mixing  container.  The  Semkit 
concept  is  an  example.  (Semkit 
is  a  tradename  of  Semco  Divi¬ 
sion,  Products  Research  Corp.) 
The  reactive  components  are 
preweighed  into  the  Semkit,  but 
are  separated  by  a  foil  barrier 
(Barrier  Kit)  or  by  an  injector 
valve  (Injector  Kit) .  Semkit 
mixing  machines  are  used  to  mix 
the  adhesive  when  it  is  needed. 
Figure  5  illustrates  the  use  of 
a  Semkit  mixing  machine.  The 
pre-packaged  approach  avoids 
thaw  time  delays  and  freezer 
malfunction  concerns . 

4 . 3  Adhesive  Application  - 
Timing  Considerations 

RT- curing  paste  adhesives  must 
be  reactive  enough  to  polymer¬ 
ize  under  such  adverse  condi¬ 
tions  as  in  thin  layers  adja¬ 
cent  to  thermally -conducting 
heat  sinks  like  aluminum.  On 
the  other  hand,  the  pot  of 
mixed  adhesive,  where  the  heat 
of  reaction  is  well  retained, 
must  NOT  polymerize  too  rapidly 
so  the  work  life  of  the  adhe¬ 
sive  is  impractically  short. 


Figure  5.  SEMKIT  mixing  machine. 


Work  life  can  be  defined  as  the 
time  interval  from  s tart -of - 
mixing  to  ehd-of-spreadibility . 
Many  of  the  paste  adhesives 
exhibit  shorter  work  lives  for 
larger  quantities  being  mixed. 
Therefore,  work  life  test  meth¬ 
ods  generally  specify  a  defined 
quantity  of  adhesive  and  a  de¬ 
fined  final  viscosity. 

Once  the  adhesive  is  spread  to 
the  thickness  of  a  typical 
bondline  (e.g.,  ten  mils),  the 
viscosity  changes  in  the  adhe¬ 
sive  are  much  slower  than  for 
the  same  adhesive  in  the  pot. 
The  additional  time  may  be 
vitally  needed  to  position  and 
close  tooling  for  complex  as¬ 
semblies.  The  time  interval 
from  application-of -adhesive 
to  safe-closing-of- tooling  is 
called  the  "open  assembly 
time."  The  open  assembly  time 
for  an  adhesive  can  be  deter¬ 
mined  by  spreading  adhesive 
simultaneously  to  lap  shear 
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specimens  and  assembling  the 
specimens  and  closing  the  fix¬ 
tures  at  increasing  time  inter¬ 
vals  .  The  resultant  lap  shear 
strengths  can  be  plotted 
against  closure  time  and  the 
open  assembly  time  determined 
by  what  is  deemed  to  be  safe. 
Figure  6  shows  the  change  in 
lap  shear  strength  of  frozen 
premixed  adhesive  RTC-1  versus 
fixture  closure  time.  Both 
freshly  frozen  and  5  month  old 
adhesives  are  plotted  in  this 
figure.  The  open  assembly  time 
can  be  determined  by  engineer¬ 
ing  judgement  from  this  data. 


Figure  6.  Lap  shear  strength  dependence  on 
fixture  closure  time  versus  freezer 
storage  age  for  frozen  premixed 
adhesive. 

Laboratory  methods  of  evalu¬ 
ating  the  behavior  of  the  re¬ 
acting  liquid  adhesive  have 
been  getting  more  sophisticated 
in  recent  years.  In  the  past, 
viscosity  changes  were  measured 
with  a  Brookfield  Viscometer. 
This  instrument  requires  a  bulk 
amount  of  liquid  (preferably 
400  cc) ,  some  external  control 
of  the  liquid  temperature,  and 
frequency  readings  by  the  tech¬ 
nician.  A  newer  method,  which 
is  more  applicable  to  studying 
adhesives,  involves  the  use  of 
a  Rheometrics  Analyzer  as  shown 
in  Figure  7 .  This  latter  in¬ 
strument  measures  a  thin  layer 
of  sample,  has  programmable 


Figure  7.  Rheometrics  analyzer. 

temperature/monitoring  control, 
automatically  measures  changes 
in  the  polymerizing  liquid,  and 
computes  values  for  different 
properties.  Thus,  viscosity 
versus  time  versus  temperature 
determinations  are  measurable 
on  thin  cross-sections  similar 
to  a  bondline.  Timing  of  gela¬ 
tion  and  cross-linking  can  also 
be  determined.  Table  2  shows 
that  Rhoemetrics  obtained  the 
same  work  life  for  Adhesive 
RTC-1  in  a  simple  determination 
as  was  obtained  by  extensive 
mechanical  testing. 


TABLE  2.  COMPARISON  OF  METHODS 
FOR  DETERMINING  WORK  LIFE  OF  A 
FROZEN  PREMIXED  ADHESIVE 


TEST 

METHOD 

WORK  LIFE,  MINUTES 

FRESHLY  FROZEN 
ADHESIVE 

TWO  MONTH  OLD 
FROZEN  ADHESIVE 

RHEOMETRICS 
(ONSET  OF 
GELLATION) 

115 

80 

CHANGE  IN 
LAP  SHEAR 
FAILURE 
MODE  (FROM 
COHESIVE  TO 
ADHESIVE) 

BETWEEN 

120  AND  150 

BETWEEN 

75  AND  90 

Having  adequate  work  life  and 
adequate  open  assembly  time  is 
not  the  last  of  the  require¬ 
ments  for  a  good  paste  adhe¬ 
sive.  It  must  also  cure  fast 
enough  to  allow  the  tooling/ 
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fixturing  to  be  used  for  the 
next  unit  in  a  reasonable  time. 
Thus,  a  trade-off  between  long 
work  life/open  assembly  time 
and  cure- to-handling-time  usu¬ 
ally  must  be  made.  Figure  8 
shows  the  development  of  lap 
shear  strength  over  the  first 
20  hours  after  application  for 
Adhesive  RTC-1.  Cure-to-han¬ 
dling-  time  can  be  defined  in 
in  terms  of  the  corresponding 
time  to  attain  some  minimum  lap 
lap  shear  strength. 


Figure  8.  Lap  shear  strength  of  adhesive 
RTC-1  versus  room  temperature 
cure  hours. 

4 . 4  Adhesive  Auplicatlon  - 

Geometric  Considerations 

In  assembly  of  spacecraft 
structures,  the  configuration 
of  the  bondline  gap  may  or  may 
not  be  a  uniform  dimension.  A 
commonly  encountered  irregular 
gap  occurs  when  a  flat  compo¬ 
nent  is  bonded  to  the  circular 
exterior  of  the  structure. 
This  exterior,  being  a  large 
radius,  is  nearly  flat.  How¬ 
ever,  the  bondline  may  vary 
from  5  mils  to  60  mils  due  to 
the  deviation  from  a  truly  flat 


surface.  In  other  cases,  the 
best  fit  may  cause  larger  bond¬ 
lines  at  one  location  than  at 
another.  Figure  9  shows  the 
relationship  between  lap  shear 
strength  and  bondline  thickness 
for  Adhesive  RTC-1.  The 
strength  is  optimal  for  the 
smallest  bondline  (2  mil)  and 
gradually  decreases  with  in¬ 
creasing  bondline  thickness. 


Figure  9.  Lap  shear  strength  of  aluminum- 
aluminum  specimens  bonded  with 
adhesive  RTC-1  versus  bondline 
thickness. 

Where  bondlines  are  wedge- 
shaped,  the  paste  adhesive  may 
tend  to  run  out  of  the  gap . 
This  is  particularly  true  for 
vertical  bondlines .  For  such 
assemblies,  the  adhesive  should 
have  a  non- sag  consistency. 
This  characteristic  is  called 
thixotropy  and  is  a  time- 
dependent,  non-newtonian  phe¬ 
nomenon.  That  is,  the  resist¬ 
ance  of  the  paste  to  shear 
forces  becomes  disproportion¬ 
ately  high  at  low  shear  rates 
and  even  increases  further  when 
undisturbed.  Small  additions 
of  fumed  silica  powder  to  the 
paste  adhesive  causes  thixot¬ 
ropy  to  develop . 
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The  opposite  kind  of  problem 
can  develop  with  injection 
bonding  processes.  That  is, 
the  sag  resistance  of  the  paste 
adhesive  may  be  too  high  to  al¬ 
low  good  wetting  of  adherends , 
complete  air  bubble  release, 
and  knitting  of  adhesive.  In¬ 
jection  bonding  is  a  process, 
where  the  liquid  adhesive  is 
pumped  into  a  cavity  between 
two  parts.  A  common  applica¬ 
tion  is  the  joining  of  tubular 
beams  to  socket  clevises.  The 
dimensions  of  these  parts  muse 
be  precise  in  order  to  fit  into 
later  assemblies.  The  fix- 
turing  determines  the  distance 
between  pin  points.  Hughes  has 
developed  tests  to  compare  ad¬ 
hesives  for  injection  bond 
processing.  One  simple  test 
that  worked  particularly  well 
was  to  determine  the  distance 
an  adhesive  can  travel  in  small 
diameter  Tygon  tubing  under  a 
fixed  air  pressure. 

4 . 5  Cure  Conditions 

Do  RT-curing  adhesives  fully 
cure  at  room  temperature?  One 
of  the  most  effective  instru¬ 
ments  for  answering  this  ques¬ 
tion  is  a  Differential  Scanning 
Calorimeter  (DSC)  as  shown  in 
Figure  10.  This  device  can  de¬ 
tect  exotherms  (i.e.,  heat  of 
reaction  in  an  adhesive)  if  the 
previous  cure  had  not  driven 
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910  DIFFERENTIAL  SCANNING 
CALORIMETER  (DSC) 


Figure  10.  Differential  scanning  calorimeter. 


the  polymerization  reaction  to 
completion.  Table  3  shows  the 
residual  exothermic  heat  re¬ 
leased  from  Adhesive  RTC-2, 
which  has  been  subjected  to  a 
variety  of  cure  schedules.  The 
heat  energies  were  compared  by 
determining  the  area  under  the 
exothermic  peak  on  the  graphi¬ 
cal  output  from  the  tests.  It 
is  interesting  to  note  that  the 
cure  is  not  complete  even  after 
22  days  at  room  temperature . 
However,  one  hour  at  180  op 
essentially  completed  the  cure. 


TABLE  3.  CURE  STATE  OF  RT-CURING 
ADHESIVE  USING  DIFFERENTIAL 
SCANNING  CALORIMETRY 


CURE 

POSTCURE 

EXOTHERMIC 

HEAT 

UNRELEASED* 

18HOURSAT75°F 

NONE 

100  UNITS 

5  DAYS  AT 

NONE 

76  UNITS 

22  DAYS  AT  75°F 

NONE 

59  UNITS 

18HOURSAT75“F 

4HOURSAT125°F 

39  UNITS 

18HOURSAT75°F 

6HOURSAT125°F 

31  UNITS 

18HOURS  AT75°F 

8HOURSAT125°F 

31  UNITS 

2  HOURS  AT  1 60°F 

NONE 

10  UNITS 

1  HOUR  AT  180° 

NONE 

5  UNITS 

*1  UNIT  IS  ARBITRARILY  DEFINED  AS  2.42  x  10“^  IN^  AREA 
UNDER  DSC  EXOTHERM  CURVE  PER  mg  OF  SAMPLE. 


Rheometrics  also  is  an  excel¬ 
lent  technique  for  measuring 
changes  in  the  adhesive  during 
cure  or  after  different  kinds 
of  cures .  The  shear  modulus  of 
the  cured  adhesive  can  be  meas¬ 
ured  and  reported  as  a  function 
of  temperature,  the  glass  tran¬ 
sition  temperature  determined, 
and  even  the  cross-link  density 
of  the  adhesive  polymer  can  be 
inferred  from  the  data. 

Designers  should  be  warned  that 
some  adhesives  drastically  lose 
strength  during  their  first 
climb  to  higher  temperatures . 
Although  a  gradual  temperature 
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rise  may  be  safe,  a  rapid  tem¬ 
perature  rise  of  the  adhesive 
if  under  load  may  be  catastro¬ 
phic.  The  difference  is  that 
with  the  slower  temperature 
rise,  additional  curing  and  de¬ 
velopment  of  elevated  tempera¬ 
ture  strength  is  taking  place. 
Whereas,  with  the  rapid  temper¬ 
ature  rise,  there  is  little 
available  elevated  temperature 
strength.  Figure  11  shows  the 
rapid  loss  of  modulus  of  an  RT- 
cured  adhesive  upon  first  expo¬ 
sure  to  elevated  temperatures . 
The  data  was  obtained  using  a 
Rheometrics  Instrument  oscil¬ 
lating  at  11  Hz .  Note  that  the 
same  adhesive  postcured  one 
hour  at  180  oF  did  not  have  the 
sudden  drop  in  modulus.  Adhe¬ 
sive  formulators  can  circumvent 
these  problems  by  using  high 
functionality  resins  and  curing 
agents . 


cal  applications  are  large - 
sized  structures .  Successful 
use  of  RT- curing  adhesives  de¬ 
pends  upon:  optimal  surface 
preparation  of  adherends,  re¬ 
liable  mixing/packaging  tech¬ 
niques,  proper  trade-offs  bet¬ 
ween  work  life  and  quick 
curing,  proper  selection  of 
bondline  thickness  and  tooling 
orientations ,  and  adequate 
cures . 


Figure  1 1 .  Modulus  versus  temperature  for 
adhesive  RTC-2  for  two  different 
cure  conditions. 

5 .  SUMMARY 

There  are  applications  where 
RT- curing  adhesives  are  pre¬ 
ferred  to  heat -curing  adhesives 
for  structural  bonding.  Typi- 
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ABSTRACT 

With  the  development  of 
new  air-to-air  missile  technol¬ 
ogy,  which  may  utilize  graphite/ 
polylmide  composites  as  body 
and/or  control  surfaces,  it  was 
discovered  there  was  a  lack  of 
data  available  on  structural 
adhesive  systems  suitable  for 
use  at  temperatures  in  excess  of 
1,000°F.  A  program  was  conduc¬ 
ted  to  evaluate  several  adhe¬ 
sives  in  tensile  lap  shear  at 
temperatures  of  -65°F  to  1,000°F. 
The  tensile  lap  shear  proper¬ 
ties  were  also  determined  after 
exposure  to  temperature  and  high 
humidity.  The  adhesive  systems 
include  the  following  polyimides: 
Thermid  LR-600,  LaRC-13,  PMR-15, 
FM-34,  FM-34B-18,  FM-36,  IP-600, 
NR-150,  FA-7001,  and  LaRC-TPI. 
Data  are  also  given  for  FBI  and 
PBI  paper.  Most  of  the  data 
presented  were  obtained  using 
titanium  to  titanium  lap  shear 
specimens.  Some  discussion  of 
surface  preparation  is  included. 
Special  attention  is  given  cure 
and  postcure  cycles  so  each  ad¬ 
hesive  would  be  suitable  for 
bonding  to  graphite/polyimide 
composite  structures. 

1.  BACKGROUND  AND  INTRODUCTION 

The  University  of  Dayton 
Research  Institute  under  an  Air 
Force  contract  at  Wright-Patter- 
son  Air  Force  Base,  Ohio,  has 
fabricated  and  tested  structural 
elements  representative  of  a 
missile  control  surface  utili¬ 
zing  high  temperature  reinforced 
plastic  laminates.  The  design 
of  these  structural  elements 


required  adhesive  bonding  of  in¬ 
dividual  components  into  the 
final  missile  control  surface. 

The  structural  element  assembly 
was  subjected  to  windtunnel 
tests  in  which  the  air  tempera¬ 
ture  exceeded  1000°F  (538°C) . 
During  the  tests  the  structural 
elements  were  subjected  to  this 
high  temperature  until  failure. 
However,  the  failure  did  not 
occur  in  the  reinforced  plastic 
laminates,  but  rather  in  the  ad¬ 
hesive  used  to  bond  the  elements 
together.  Although  improvements 
could  be  made  in  the  integrity  of 
the  element  by  changes  in  design, 
a  search  was  made  to  determine 
what  structural  adhesives  would 
perform  best  at  temperatures  up 
to  1000°F  (538°C).  It  was  dis¬ 
covered  that  for  most  candidate 
adhesives  little  or  no  data  ex¬ 
isted  above  600°F  (316°C) . 
Therefore,  an  investigation  was 
undertaken  to  generate  data  on 
some  candidate  adhesives  at  high 
temperatures  for  short  time 
periods . 

In  performing  this  inves¬ 
tigation  it  was  necessary  to 
choose  adhesives  that  were 
readily  available  to  the  labora¬ 
tory  at  UDRI.  The  adhesive  or 
adhesives  which  maintained  the 
highest  structural  Integrity 
would  be  used  to  fabricate  ad¬ 
ditional  windtunnel  structural 
elements.  Another  consideration 
in  choosing  an  adhesive  for 
element  fabrication  would  be 
processing  conditions.  However, 
all  readily  available  candidates 
would  be  evaluated.  In  the  fab¬ 
rication  of  elements,  the  adhe¬ 
sives  would  be  bonding  composites 
to  composites;  however,  due  to 
both  cost  and  time  considerations 
the  adherends  in  this  evaluation 
would  be  6-4  titanium  and  to  a 
lesser  degree  17-7  PH  stainless 
steel.  Close  observation  would 
be  made  of  the  failure  modes  to 
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ensure  that  the  results  would 
reflect  adhesive  properties  and 
not  the  metal  to  adhesive  inter¬ 
face  . 

2.  ADHESIVE  SELECTION  AND 
PREPARATION 

An  inventory  was  taken  of 
the  readily  available  candidate 
adhesives  and  were  as  follows: 
Thermid  LR-600,  LaRC-13,  PBI 
(polybenzimidazole),  PMR-15, 
and  FM-34.  Later  in  the  program 
two  additional  adhesives  were 
selected:  FM-34B-18  and  FM-36. 
After  this  evaluation  was  com¬ 
pleted  it  became  apparent  that 
an  excellent  data  base  was  being 
accumulated.  Additional  adhe¬ 
sives  were  then  selected  for  the 
purpose  of  expanding  that  data 
base  and  include:  IP-600,  FA- 
7001,  LaRC-TPI,  NR-150,  and 
PBI  paper. 

Some  of  the  adhesives  in 
the  inventory  were  in  the  form 
of  films  and  were  supplied  by 
commercial  sources.  Other  ad¬ 
hesives  were  in  the  form  of 
"neat"  resin  and  the  adhesive 
films  were  processed  at  UDRI. 
Table  1  lists  the  adhesives, 
resin  source,  and  adhesive 
film  source. 

All  of  the  adhesive  films 
that  were  processed  at  UDRI  were 
supported  with  heat  cleaned  112 
style  glass  cloth.  The  adhesive 
was  applied  to  the  glass  cloth 
from  a  solution  of  solvent  and 
dissolved  resin.  It  was  then 
necessary  to  remove  most  of  the 
solvent  using  heat  which  re¬ 
sulted  in  a  film  that  could  be 
easily  handled,  cut  into  desired 
sizes,  and  fabricated  into  adhe¬ 
sive  bonds.  Also,  during  the 
drying  cycle  some  chamical 
reaction  may  have  taken  place 
known  as  imidization.  Table  2 
lists  the  adhesives  processed  at 
UDRI  and  the  drying  and/or 


imidizlng  cycle.  In  some  cases 
the  adhesive  film  required  more 
than  one  application  to  obtain 
the  desired  resin  content. 

3.  ADHERENDS  AND  SURFACE 

PREPARATION 

Initially,  the  intended  use 
for  the  adhesives  evaluated  in 
this  program  was  to  bond  graph- 
ite/polyimide  composite  to 
composite.  However,  due  to  the 
relative  cost,  and  in  particu¬ 
lar,  to  the  short  time  required 
to  have  sufficient  data  to 
choose  an  adhesive  for  the  wind- 
tunnel  test  specimens,  6A1-4V 
titanium  and  to  a  lesser  degree, 
17-7  PH  stainless  steel  were 
chosen  for  adherends.  Similar 
considerations  were  given  the 
candidate  surface  preparations 
as  were  the  candidate  adherends. 
The  choice  for  titanium  was  an 
acidic  gelatin  known  as  Pasa- 
Jel  107.  The  gelatin  was  ap¬ 
plied  for  10-15  minutes,  rinsed 
thoroughly  with  deionized  water, 
and  Immediately  dried  at  160°F 
(71°C) .  Surface  preparations 
for  titanium  do  exist  which  may 
be  superior  to  Pasa-Jel  107; 
however,  these  are  primarily 
known  for  their  long  term  dura¬ 
bility.  None  of  the  data 
generated  in  this  program  was 
considered  long  term.  Regard¬ 
less,  special  attention  was 
given  to  the  failure  modes  to 
ensure  the  results  would  reflect 
adhesive  properties  and  not 
interface  properties.  The 
choice  for  stainless  steel  is 
known  as  the  phosphate  etch. 

It  consists  of  hydrochloric 
acid  (841  ml) ,  phosphoric  acid 
(89  ml) ,  and  hydrofluoric  acid 
(43  ml) .  Application  was  at 
180°F  (82'’C)  for  2  minutes, 
then  the  specimens  were  thor¬ 
oughly  rinsed  in  deionized 
water  and  dried  at  160°F  (71°C) . 
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Nearly  all  the  specimens, 
titanium  and  steel,  were  primed 
immediately  after  the  surface 
preparation.  The  primers  for 
PMR-15,  FM-34,  FM-34B-18,  and 
FM-36  were  supplied  by  the  ad¬ 
hesive  manufacturers.  The  pri¬ 
mers  for  LR-600,  LaRC-13,  FBI, 
IP-600,  FA-7001,  LaRC-TPI,  and 
NR-150  were  prepared  at  UDRI 
by  diluting  the  adhesive  neat 
resin  with  solvent  to  about  a 
10%  solids  solution.  The  primers 
were  then  dried  and  the  specimens 
were  placed  in  a  dessicated  cabi¬ 
net  until  fabrication. 

3.1  Specimen  Geometry 

The  type  specimen  used  in 
this  investigation  was  a  single 
overlap  specimen  as  recommended 
in  ASTM  D1002.  The  titanium 
specimens  were  fabricated  from 
five  finger  panels.  The  stain¬ 
less  steel  specimens  were  fab¬ 
ricated  individually  with  five 
specimens  in  the  curing  fixture 
at  a  time.  All  specimens  had  an 
overlap  of  1  inch  (2.54  cm)  in 
width  and  0.5  inch  (1.27  cm)  in 
length.  The  thickness  of  both 
the  titanium  and  stainless  steel 
adherends  was  0.050  inch  (0.13 
cm) .  No  control  was  given  the 
thickness  of  the  glueline  other 
than  that  supplied  by  the  adhe¬ 
sive  film  and  the  curing  process. 

3.2  Cure  and  Postcure  Cycles 

The  cure  and  postcure 
cycles  for  the  adhesives  used 
are  not  necessarily  well  estab¬ 
lished,  in  particular  for  use 
temperatures  in  excess  of  600°F 
(316°C) .  The  cure  and  postcure 
cycles  selected  were  based  on 
information  from  the  manufacturer 
and/or  the  developer  of  the  ad¬ 
hesive.  Time  did  not  allow  for 
optimization  of  cure  and  post¬ 
cure  cycles.  The  selected 
cycles  reflect  the  choice  of 


the  author  based  on  what  informa¬ 
tion  was  available.  One  of  the 
prime  considerations  in  the  selec¬ 
tion  was  that  the  adhesive  chosen 
vjould  have  cure  and  postcure 
cycles  compatible  with  the  fab¬ 
rication  of  the  structural  ele¬ 
ments  for  windtunnel  testing. 

Some  of  the  candidates  added  later 
to  the  program  do  not  necessarily 
meet  this  requirement. 

4.  TEST  CONDITIONS  AND  PROCEDURES 

The  test  condition  of  most 
interest  was  that  at  1000°F 
(538°C)  after  short  time  periods 
at  that  temperature.  Interme¬ 
diate  temperatures,  between  600°F 
(316°C)  and  1000°F  (538°C)  would 
also  be  helpful  to  obtain  a  good 
baseline  for  all  adhesives  in¬ 
vestigated.  It  also  seemed  ap¬ 
propriate  to  determine  what 
effect  hot-humid  aging  would  have 
on  shear  properties.  Since  these 
adhesive  materials  are  candidates 
to  be  used  in  the  construction  of 
air-launched  missile  systems,  it 
was  also  of  interest  to  determine 
shear  properties  at  higher  test 
speeds  than  that  normally  used 
for  tensile  lap  shear,  in  par¬ 
ticular  at  low  test  temperatures. 
The  speeds  selected  were  20  times 
the  normal  rate  and  then  20  times 
the  intermediate  rate.  Table  3 
lists  all  the  test  conditions 
used  in  this  program.  The  lap 
shear  tests  were  conducted  in 
accordance  with  ASTM  methods 
D1002  and  D2295.  Prior  to  each 
series  of  tests,  a  dummy  specimen 
was  used  to  preset  the  test  cham¬ 
ber  to  the  desired  test  tempera¬ 
ture.  Temperature  control  was 
maintained  at  ±1  percent  of  the 
desired  temperature. 

5.  DISCUSSION  OF  RESULTS 

Most  of  the  data  discussed 
here  is  from  the  initial  seven 
adhesives  selected:  LR-600, 
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LaRC-13,  PMR-15,  FM-34,  FM-34B- 
18,  FBI,  and  FM-36.  These  seven 
adhesives  were  readily  available 
to  UDRI  and  each  seemed  to  be  a 
suitable  candidate  for  the  con¬ 
struction  of  windtunnel  test 
elements.  Currently  the  data 
base  is  being  expanded  to  in¬ 
clude:  IP-600,  FA-7001,  LaRC-TPI, 
NR-150,  and  PBI  paper.  This  is 
work  in  progress  and  only  a  small 
amount  of  data  is  available  here, 
but  more  is  expected  during  the 
presentation  at  the  symposium  on 
"Structural  Adhesive  Bonding". 

5 . 1  Titanium  to  Titanium  Lap 

Shear  Strengths 

Results  were  obtained  from 
specimens  fabricated  using  6-4 
titanium  at  dry  conditions  from 
-65°F  (-54°C)  to  1000°F  (538°C), 
wet  conditions  from  R.T.  to 
600°F  (316°C),  and  at  accelerated 
test  speeds  from  -65°F  (-54°C) 
to  R.T.  Usually  one,  five  finger 
panel  was  fabricated  for  each 
data  point.  On  occasion  indi¬ 
vidual  specimens  were  fabricated 
but  even  then  five  were  placed 
in  the  fabrication  fixture. 

Table  4  lists  the  data  ob¬ 
tained  for  the  original  seven 
adhesives  and  a  limited  amount 
for  the  additional  five  adhesives 
at  normal  test  speeds  and  dry 
aging  conditions.  Examination 
of  the  data  indicates  several 
interesting  items.  All  the  ad¬ 
hesives  maintain  a  substantial 
%  of  the  room  temperature  lap 
shear  strength  after  0.1  hour 
at  1000°F  (538°C).  Five  adhe¬ 
sives  maintain  about  20%  of  the 
R.T.  strength:  LR-600,  PMR-15, 
FM-34,  FM-34B-18,  and  FM-36. 

One  adhesive,  PBI,  maintained 
about  30%  and  one  adhesive, 
LaRC-13,  about  35%.  PBI  appears 
to  withstand  both  600°F  (316°C) 
and  800°F  (427°C)  better  than 
the  other  six  adhesives,  which 


all  have  similar  properties  at 
those  test  temperatures.  Also, 
most  of  the  adhesives  appear  to 
have  higher  lap  shear  strengths 
at  any  given  temperature  with  in¬ 
creased  time  at  that  temperature. 
This  may  be  caused  by  insufficient 
postcure,  at  least  for  the  condi¬ 
tions  tested  in  this  program.  No 
postcure  study  was  undertaken  be¬ 
cause  it  was  not  the  intent  of 
this  effort  to  optimize  the  cure 
or  postcure  cycle  of  any  of  the 
adhesives . 

5 . 2  Lap  Shear  Strengths  After 

Humidity  Aging 

Adhesive  bonded  panels  were 
prepared  and  humidity  aged  at 
160°F  (71°C)  and  95-100%  relative 
humidity  for  two  weeks  and  then 
tested  at  room  temperature  and 
at  600°F  (316°C)  after  3  minutes 
exposure  at  600°F  (316°C) .  At 
room  temperature  the  adhesives 
maintained  from  65%  (PMR-15)  to 
85%  (LaRC-13)  of  their  dry  room 
temperature  strength.  The  wet 
lap  shear  strengths  at  hOO^F 
(316°C)  after  '3  minutes  are  al¬ 
most  identical  to  those  obtained 
for  dry  specimens  at  600°F 
(316°C)  after  10  minutes,  indi¬ 
cating  that  the  heat  soak  prob¬ 
ably  dried  the  lap  joint.  If 
so,  at  least  the  lap  shear 
strength  does  recover  after  re¬ 
moval  of  absorbed  moisture. 

When  tested  at  elevated  tempera¬ 
ture  the  adhesives  appear  to  be 
affected  more  by  that  tempera¬ 
ture  than  by  absorbed  moisture. 

The  results  for  the  original 
seven  adhesives  and  what  limited 
data  obtained  for  the  additional 
five  are  shown  in  Table  5. 

5.3  Lap  Shear  Strengths  At  High 

Test  Speeds 

Upon  completion  of  the 
initial  adhesive  investigation, 
a  candidate  would  be  selected  to 
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adhesively  bond  structural  ele¬ 
ments  representative  of  missile 
control  surfaces  for  windtunnel 
testing.  Although  not  necessar¬ 
ily  pertinent  here,  some  question 
arose  to  how  these  candidates 
would  perform  under  high  load 
rates,  in  particular  at  reduced 
temperatures.  Tensile  lap  shear 
tests  were  then  obtained  at  20 
times  the  normal  test  speed  and 
then  20  times  that  speed  at  both 
R.T.  and  at  -65°F  (-54'’C)  .  The 
results  obtained  at  the  first 
accelerated  test  speed  were  not 
significantly  different  than 
those  at  normal  rates.  However, 
at  the  fastest  test  speed,  which 
is  400  times  the  normal,  there  is 
a  significant  reduction  in  ten¬ 
sile  lap  shear  strength.  At  room 
temperature  all  of  the  adhesives 
evaluated  were  reduced  in 
strength  by  50%.  At  -65°F  (-54°C) 
some  of  the  adhesives  (PMR-15, 
FM-34B-18,  FBI,  and  FM-36)  were 
about  80%  to  90%  of  that  ob¬ 
tained  at  the  normal  test  rate. 

Two  adhesives,  LR-600  and  LaRC- 
13,  were  about  the  same  at  R.T. 
and  -65°F  (-54°C) .  Perhaps  this 
is  an  indication  of  the  toughness 
of  the  adhesives;  if  so,  the 
latter  two  may  indeed  be  much 
tougher  than  those  others  evalu¬ 
ated  in  the  investigation. 


5 . 4  Stainless  Steel  to  Stain¬ 
less  Steel  Lap  Shear 
Strengths 


A  very  limited  amount  of 
data  was  obtained  from  specimens 
fabricated  using  17-7  PH  stain¬ 
less  steel.  The  results  ob¬ 
tained  are  shown  in  Table  7  and 
are  not  significantly  different 
than  those  obtained  for  the  same 
adhesives  using  titanium  adhe- 
rends.  Since  much  of  this  paper 
is  presenting  work  in  progress, 
some  additional  data  may  be  ob¬ 
tained.  If  no  change  in  lap 
shear  strength  is  observed  due 


to  adherend  type,  the  amount  of 
data  obtained  will  be  limited. 

6.  SUMMARY 

The  initial  work  on  this 
program  was  initiated  because 
there  was  a  lack  of  engineering 
data  on  structural  adhesives 
above  600°F  (316°C) .  At  least 
12  adhesives  have  now  been  in¬ 
cluded  in  the  data  base.  Other 
adhesives  may  be  added  at  some 
later  date  and  possibly  other 
tests  could  be  included,  in  par¬ 
ticular  tests  which  may  reflect 
adhesive  toughness. 

Upon  completion  of  the  test¬ 
ing  for  the  original  seven  adhe¬ 
sives,  two  were  selected  for  use 
in  the  fabrication  of  structural 
elements  for  windtunnel  tests, 
LR-600  and  LaRC-13.  Although 
many  of  the  adhesives  evaluated 
maintained  a  significant  %  of 
strength  at  1000“F  (538°C), 
these  two  appeared  to  have  the 
best  properties  at  all  conditions 
tested.  Elements  were  fabricated 
and  successfully  windtunnel 
tested  at  temperatures  well  in 
excess  of  1000°F  (538°C) . 
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TABLE  1 

LIST  OF  ADHESIVE,  RESIN,  AND  ADHESIVE  FILM  SOURCES 


Adhesives 


Neat  Resin 


Adhesive  Film 


LR-600 

LaRC-13 

FBI 

PMR-15 

FM-34 

FM-34B-18 

FM-36 

IP-600 

FA- 7 001 

LaRC-TPI 

NR-150 

PBI  Paper 


Gulfl 

UDRi2 

Acurex 

Ferro 

American  Cyanamld 
American  Cyanamid 
American  Cyanamid 
National  Starch 
National  Starch 
Rogers 
DuPont 
Celanese 


UDRI 

UDRI 

UDRI 

Ferro 

American  Cyanamid 
American  Cyanamid 
American  Cyanamid 
UDRI 
UDRI 
UDRI 
UDRI 

Celanese 


^No  longer  available  from  Gulf,  currently  available  from  National 
Starch. 

^Formulated  at  UDRI  with  instructions  from  NASA  Langley. 


TABLE  2 

DRYING  AND/OR  IMIDIZING  CYCLES  FOR 
PREPARATION  OF  ADHESIVE  FILMS 


Adhesive 


LR-600 


LaRC-13 


IP-600 

FA-7001 

LaRC-TPI 

NR-150 


Drying  and/or  Imidlzlng  Cycle 

45  mins.  @  250°F  (IZl^C)  plus 

30  mins.  @  375°F  (191'’C) 

60  mins.  @  275'’F  (135°C) 

30  mins.  @  175'’F  (80°C)  @  15  in. 

Hg  Vac.  plus  30  mins.  @  175°F 
{80°C)  (a  30  in.  Hg  Vac. 

45  mins.  @  250'’F  (121°C) 

45  mins.  @  250°F  (121°C) 

4  mins.  @  375°F  (191°C) 

40  mins.  @  185°F  (80°C)  plus 
(1st  application)  20  mins.  @  212°F 
(100°C)  plus  20  mins.  @  248°F 
(120°C) 

40  mins.  @  185°F  (80°C)  plus 

(2nd  application)  20  mins.  @  212°F 

(100°C) 
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TABLE  3 

TEST  CONDITIONS  FOR  HIGH  TEMPERATURE 
ADHESIVES  STUDY 


6  A1-4V  Titanium 


10  min.  @  -65°F  (-54°C) 
72°F  (22°C) 

10  min.  @  600°F  (316°C) 
0.5  hr.  e  600°F  (316°C) 
24  hr.  @  600°F  (316°C) 
0.1  hr.  @  SOO^F  (427°C) 
0.5  hr.  @  800°F  (427°C) 
0.1  hr.  @  1000°F  (538°C) 


humidity  aged^ 

72°F  (22°C) 

0.05  hr.  @  600°F  (316°C) 

test  @  1  in. /min.  (2.54  cm/ 

min . ) ^  ~ 

10  min.  @  -65°F  (-54°C) 

72°F  (22“C) 

test  (3  20  in. /min.  (50  cm/ 

min . ) ^  ' 

10  min.  @  -65°F  (-54°C) 

72°F  (22°C) 


17-7  PH  Stainless  Steel 


72°F  (22°C) 

0.5  hr.  @  600°F  (316°C) 
0.5  hr.  @  800°F  (427°C) 
0.1  hr.  @  1000°F  (538°C) 


^2  weeks  @  160°F  (71°C)  and  95-100%  relative  humidity. 

^Higher  test  speeds,  all  others  were  0.05  in/min.  (0.13  cm/min.). 
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BACKGROUND 

To  obtain  maximum  performance, 
military  tracked  vehicle 
components  must  be  lightweight, 
but  they  must  also  retain 
adequate  strength  and  structural 
rigidity.  Because  of  this,  thin- 
gauge  aluminum  sheet  is  often 
used  for  making  various 
components.  Conventional  welding 
processes  cause  distortion  of 
thin  sheet  due  to  the  heat  input. 
In  addition,  several  high- 
strength  aluminum  alloys  are 
unweldable  and  cannot  be  used. 

Cost  is  also  a  significant  factor 
in  many  lightweight  component 
installations.  Frequently,  there 
is  extra  care  and  effort  required 
to  weld  lightweight  items  to  a 
heavy  vehicle  hull  without 
distortion.  Adhesive  bonding  is 
often  a  more  efficient 
attachment. 

In  order  to  take  advantage  of  the 
weight  reduction,  cost  savings 
and  stiffer  joints  without 
distortion  offered  by  adhesive 
bonding,  a  study  was  undertaken 
to  identify  and  select  structural 
adhesives  for  possible 
implementation  on  FMC  Ordnance 
Vehicles  in  the  following  areas: 

(1)  As  a  supplement  to  or 
replacement  for  mechanical 
fasteners  and  welds  for  the 
assembly  of  ammo  storage 
rack. 

(2)  As  an  attachment  for 
lightweight  brackets, 
decals,  and  instrument  panel 
windows. 

These  adhesives  will  have  to 
perform  at  ISO^F  with  minimal 
surface  preparation  in  order  to 
fit  production  and  end-use 
requirements.  Production 
requirements  are  minimal  surface 
preparation  on  bare  aluminum  in  a 


normal  shop  environment  and  a 
bondline  thickness  of  5  to 
10  mils.  Adhesives  whose 
strengths  were  very  sensitive  to 
bondline  thickness  and 
reproducibility  could  not  be 
utilized  in  a  common  shop 
environment.  End-use  requirement 
mandated  finding  adhesives  that 
were  temperature  resistant  to 
ISO^F. 


TESTS  PERFORMED 

A  preliminary  evaluation  of  33 
adhesives  from  10  manufacturers 
was  undertaken  using  tensile  lap 
shear  test  (ASTM  D1002).  The 
results  are  in  Table  I. 

Adhesives  with  the  best  tensile 
lap  shear  strengths  were  further 
evaluated  by  the  following  tests: 

o  Tensile  Shear  (ASTM  D1002), 
-67°F,  70°F  (dry),  70'’F 
(wet),  180°F 

o  Cleavage  Strength  (ASTM 
D1062),  -67°F,  70‘’F  (dry), 
70°F  (wet),  180°F 

o  Tensile  Strength  (ASTM 
D2095),  -67°F,  70°F  (dry), 
70°F  (wet),  180°F 

o  Impact  (ASTM  D950),  -67 °F, 
70°F  (wet) 

o  T-Peel  (ASTM  D1876), 

-67‘>F,  70°F  (dry),  70°F 
(wet),  180“F 

The  results  are  summarized  in 
Table  II  and  graphically 
presented  in  Figure  1.  Five 
adhesives,  two  acrylics,  and 
three  epoxies,  were  identified  to 
have  good  properties. 

In  order  to  assuage  the  concerns 
about  tlie, long-term  durability  of 
adhesive  bonds,  the  following 
durability  tests  were  performed 
on  the  three  non-Hysol  adhesives 
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(the  Hysol  adhesives  had 
deteriorated  significantly  after 
six  months). 

o  Tensile  Lap  Shear  Strength 
(ASTM  D1002)  retention  after 
dipping  in  the  four  Bradley 
hull  cleaning  solutions  (all 
lap  joints  were  oriented 
vertically  to  facilitate 
drainage)  using  a  scheme  of 
soak  as  follovs: 

1.  Load  all  the  test  panels 
in  the  container. 

-  20  panels  total 

-  5  panels/adhesive 

2.  Dip  all  25  panels  in 
Ridoline  53,  soak  for  a 
maximum  of  10  minutes, 
remove,  and  subject  to 
two  water  rinses. 

3.  Remove  one  panel  of  each 
adhesive. 

4.  Dip  the  remaining  panels 
(20  -5  =  15)  in 
Deoxidizer  310,  soak  for 
a  maximum  of  5  minutes, 
remove,  and  subject  to 
two  water  rinses. 

5.  Remove  one  panel  of  each 
adhesive. 

6.  Dip  the  remaining  panels 
(15  -5  =  10)  in  Alodine 
1200-S,  soak  for  a 
maximum  of  3  minutes, 
drain,  and  rinse. 

7.  Remove  one  panel  of  each 
adhesive. 

8.  Dip  the  remaining  panels 
(10  -5  =  5)  in  Deoxylite 
10,  soak  for  a  maximum 
of  3  minutes,  remove, 
and  rinse. 

Test  results  are  in  Table 
III. 


0  Adhesion  Measurement  by  Tape 
Test  (ASTM  D3359) 

o  Ambient  Temperature  Creep 
Deformation  Evaluation 
(MMM-A-132,  Section  4.6.8). 
Results  are  in  Table  IV. 

o  Vibration  testing  of 

rectangular  specimens  with 
final  dimensions  of 
6"  X  6"  4"  where  the  four 
joints  have  1/2"  overlap 
using  the  following  test 
procedure: 

1.  Subject  assembled 
rectangular  test 
specimens  to  a  varying 
vibration  cycle  from 
20-40  Hertz  for  one 
hour. 

2.  Heat  to  IbO^F. 

3.  Shake  for  another  hour. 

4.  Cool  to  -40°F. 

5.  Shake  for  another  hour. 
DISCUSSION 

The  effect  of  surface 
pretreatment  on  the  aluminum 
oxide  surface  is  critical  and 
intimately  related  to  the  bond 
permanence/durability  of  aluminum 
joints  (Refs,  a.,  b.,  c.,  d.). 

J.  Dean  Minford  of  Alcoa 
evaluated  the  effects  of 
different  surface  treatment  on 
stressed  epoxy  bonded  aluminum 
joints  under  varying  weathering 
conditions.  These  conditions 
included:  immersion  in  room 
temperature  water,  soaking  in 
continuously-condensing  humidity 
at  52°C  (125°F),  hot  water 
soak/freeze/thaw  cycling;  as  well 
as,  exposure  in  an  industrial- 
type  atmosphere  and  a  seacoast 
atmosphere.  The  surface 
preparations  employed  were: 
vapor  degreasing,  belt  sand 
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abrasion,  blasting,  chromic- 
sulfuric  acid  etching,  alodining, 
and  sulfuric  acid  anodizing. 

The  one  conclusion  from  Minford's 
study  of  import  to  this  program 
states  that  most  etching, 
anodizing,  or  conversion  coating 
surface  preparations  will  likely 
produce  superior-durability 
epoxy-bonded  aluminum  joints 
under  stress  and  corrosive,  salt 
water  exposure  conditions. 

Simply  degreasing  or  sanding  the 
substrate  prior  to  bonding 
produces  joints  that  performed 
poorly  in  comparison,  regardless 
of  alloy  choice. 

For  adhesives  whose  performances 
were  not  as  sensitive  to 
unprepared  substrate  surfaces, 
the  adhesives  of  choice  are  the 
acrylics  whose  documented 
advantages  (refs.  e.  and  f.)  are 
their  simple  no-mix  method  of 
application,  rapid  cure  at  room 
temperature,  tolerance  to 
uncleaned  surfaces,  and  good 
structural  properties. 

The  epoxy  adhesives  (Permabond 
110,  Epibond  1543,  Hysol  9410) 
had  above  average  tensile, 
cleavage,  tensile,  and  impact 
strengths.  The  acrylic  adhesives 
(Versilok  204,  Hysol  9446)  held 
up  better  to  peel  loads  than  the 
epoxy  adhesives.  None  of  the 
five  tested  adhesives  had  good 
180 ®F  cleavage  strength. 

Overall,  the  cleaning  baths  did 
not  adversely  affect  the  tensile 
lap  joints.  After  a  1,600  psi 
stress  had  been  applied  for  192 
hours,  neither  the  acrylic  nor 
the  epoxies  showed  appreciable 
creep.  The  acrylic  and  the 
epoxies  survived  the  hot-cold 
cycle  plus  three  hours  of 
vibration  testing  and  showed  a 
generally  adequate  level  of 
adhesion  to  paint. 


CONCLUSION 

Although  the  epoxies  have  higher 
strengths,  durability  of  epoxy- 
bonded  aluminum  joints  are  more 
sensitive  to  surface  pretreatment 
than  acrylic-bonded  aluminum 
joints  (refs.  a.  to  f.).  Limited 
durability  information  obtained 
from  published  sources  (Table  V) , 
as  well  as  experimental  data, 
showed  the  acrylic-bonded 
aluminum  joints  to  be  equivalent 
to  the  epoxy-bonded  aluminum 
joints  in  this  respect. 
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TABLE  lA.  ADHESIVES  SCREENED  FOR  ROOM  TEMPERATURE  LAP  SHEAR  STRENGTH 


Manufacturer 

Adhesive 

Type/Fora 

ft.T.  Tensile  Up 
Shear  Strenoth.  osl 

Hysol 

9309 

2*part  epoxy  paste 

2.522 

9330 

2>part  epoxy  paste 

2.270 

9446 

2-part  acrylic 

3.737* 

9649 

Epoxy  f11« 

2.846 

9410 

2-part  epoxy  paste 

3.000* 

940 

Epoxy  tape 

Broke  In  hand 

3CI-1000 

Cyanoacrylate  liquid 

460 

3CI-500 

Cyanoacrylate  liquid 

Broke  In  hand/Jaws 

911F 

2-part  epoxy  paste 

850 

3M 

2216 

2-part  epoxy  paste 

390 

1838 

2-part  epoxy 

Broke  In  hand 

2214 

Epoxy  paste 

2.780 

Y-9473 

Acrylic  tape 

74 

Y-4945 

Acrylic  tape 

86 

Y-9469 

Acrylic  tape 

104 

TABLE  IB.  ADHESIVES  SCREENED  FOR  180“  LAP  SHEAR  STRENGTH 

180*F  Tensile  Lap 


Manufacturer 

Adhesive 

Type/Form 

Shear  Strength 

H.  8.  Fuller 

FE  004 

2- part  epoxy 

1.417 

FE  086 

2- part  epoxy 

1.400 

RA  0018 

2-part  acrylic 

271 

Ablestick 

342-13  Acc 

1-part  epoxy 

300 

342-3 

2-part  epoxy 

300 

Crest 

2225 

2-part  modified  epoxy 

300 

Thiokol 

— 

Polysulfide  sealant 

200 

Hysol 

934 

2-part  epoxy 

726 

3M 

3525 

Polyurethane  paste 

1.000 

3549 

Isocyanate  polyol 

300 

Loctite 

324 

Acrylic 

602 

326 

Modified  acrylic 

600 

12876 

Modified  cyanoacrylate 

901 

Assemble 

Modified  acrylic 

640 

Permabond 

ESP  no 

1-part  toughened  epoxy 

2,633* 

612 

Acrylic 

1.000 

Epibond 

15438 

2-part  modified  epoxy 

2,496* 

Hysol 

9446 

Separate  application  acrylic 

1,576* 

Versalok 

204A 

Separate  application  acrylic 

1,651* 

*Adhesives  with  good  properties. 
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TABLE  II.  SUMMARY  OF  TEST  RESULTS 


MATERIAL  TENSILE  LAP  SHEAR  CLEAVAGE  TENSILE  IMPACT  ,  T-PEEL 

xIOOOpti  xIOOOpsi  x1000|Mi  xIO  iLlbs/m*  xIO  Ib/m  of  width 


Room  Tomp.  Cur* 

67®l 

70"F 
:  Dry  Wat 

18o'’f 

1  o  70®F 

1  «7  F  Dry  Wot 

ISO^F 

70®F  „ 

.67®F  Dry  Wot  180  F 

0  1  o 

70  F.W*t  -67 

70°F 

F  Dry  Wot  180  F 

Hysol  9410 

2.6 

3.8 

2.9 

2.0 

1.8 

0.2 

8.7 

4.1 

2.9 

0.6 

0.3 

0.7 

2.8 

2.1 

2.6 

9.1 

Hysol  9446 

1.4 

3.7 

2.5 

1.6 

0.8 

0.8 

0.7 

0.5 

6.0 

3.3 

2.7 

1.1 

m 

1.0 

1.2 

"iii 

3.7 

2.4 

V«rt*lolc  204 

1.4 

3.2 

3.2 

1.7 

1.2 

1.0 

1.0 

0.6 

4.0 

2.6 

2.8 

1.4 

1.0 

0.2 

1.0 

3.2 

3.1 

Hi^  Ttmp.  Cur* 

Ptrmaband  110 

2.3 

2.9 

2.7 

2.6 

1.2 

m 

1.6 

0.7 

9.6 

8.2 

6.1 

4.0 

1.0 

1.0 

it" 

"rj 

2T 

1.4 

Eptbond  1S43 

1.1 

1.2 

1.4 

2.4 

1.7 

1.2 

0.8 

m 

3.8 

2.8 

3.9 

7.7 

0.4 

Ti 

ri" 

0.7 

TABLE  III.  X  TENSILE  LAP  SHEAR  (TLS)  STRENGTH  RETENTION  AT  75 ®F 


Environment 

Versilok 

204 

Permabond 

no 

Epibond 

1543 

Control 

3200  psi 

2800  psi 

1500  psi 

(TLS  Data  from 
Task  320) 

(3229  psi) 

(2893  psi) 

(1200  psi) 

Ridollne  53 

28X 

77% 

88% 

Deoxidizer  310 

100% 

71% 

88% 

Alodine  1200-S 

111% 

74% 

85% 

Oeoxylite  10 

115% 

69% 

97% 
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TABLE  IV. 

CREEP  TEST  DATA  (Amount  of  Creep 

in  Inches) 

Versilok 

Permabond 

Epibond 

Time/ Date 

204 

110 

1543 

1530/11-17 

0 

0 

0 

0730/11-18 

0 

.0001 

.00015 

1130/11-18 

0 

.0001 

.00022 

1600/11-18 

0 

.00025 

.00035 

0830/11-21 

.00069 

.00158 

.00212 

1600/11-21 

.00069 

.00158 

.00220 

0720/11-22 

.00640 

.00158 

.00215 

1530/11-22 

.00100 

.00230 

.00249 

0725/11-23 

.00100 

.00183 

.00292 

1600/11-23 

.00247 

.00189 

.00306 

0730/11-24 

.00249 

.00191 

.00305 

1115/11-24 

.00249 

.00190 

.00307 

1422/11-24 

.00249 

.00190 

.00307 

945/11-25 

.00249 

.00192 

.00302 

1215/11-25 

.00249 

.00191 

.00306 

1530/11-25 

.00249 

.00191 

.00308 

800/11-26 

.00249 

.00192 

.00302 
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TABLE  V.  DURABILITY  TEST:  PUBLISHED  INFORMATION 


Environment 

!  Time 
!  (Days) 

Vers  11  ok 
204 

Hysol 

9446 

! 

! 

Permabond  1 
110  1 

Epibond  1 
1543  1 

Hysol 

9410 

None  (Control) 

j 

1 

1 

3229 

! 

4000 

T 

1 

5800  1 

! 

1 

2500  1 
! 

4750 

77'’F,  Tap  Water 

! 

i  14/30 

1 

1 

-/2760  ! 

j 

-/3880 

T 

1 

i 

1 

! 

! 

! 

-/2500  1 

1 

-/4200 

212®F,  Water 

j 

!  7/30 

i 

Bond 

2900/- 

T 

! 

! 

! 

1 

-/4300 

j 

! 

Broke/-  ! 
! 

! 

1 

1 

1 

1 

! 

120*F,  100%  RH 

i 

!  14/30 

j 

! 

T 

! 

1 

-/3100  1 

1 

-/3800 

105®F,  5%  Salt  Spray 

I 

!  14/30 
! 

-/2960 

-/4065 

t 

5336/5220 

! 

1 

-/2300  1 

1 

- 

Air  @  180‘'F/300’’F 

i 

i  40 

1 

- 

- 

T 

4900/1000 

1 

1 

_  1 

! 

5600/- 

Anti-icing  Fluid 

j 

!  7 

■n 

t 

j 

.  ] 

! 

3100  ! 

4800 

@  77*F 

i 

j 

! 

j 

I 

i 

Hyd-Oil/JP  A  77“F 

! 

!  7 

! 

i 

3000  ! 

2695/4000 

t 

! 

! 

1 

2700  1 

j 

5500/5200 

Room  Temperature  Fatigue  Test 

3.618.000i 

T 

!  r 

1,956.000  ! 1.705,500! 

Data  (Cycles  to  Failure) 

! 

! 

! 

i 

1 

! 

WTE:  signifies  no  published  data  available. 
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Tamil*  Lap  Shaar  Stranolh  Linaar  oai  Tamil*  Lap  Shaar  Strangth 


FIGURE  lA.  BAR  CHARTS  OF  TENSILE  LAP  SHEAR  DATA 
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Twitila  Lap 


FIGURE  lA.  BAR  CHARTS  OF  TENSILE  LAP  SHEAR  DATA  (Cont'd) 


TMfMTotUr* 
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FIGURE  IB.  BAR  CHARTS  OF  CLEAVAGE 
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FIGURE  IB.  BAR  CHARTS  OF  CLEAVAGE  STRENGTH  DATA  (Cont'd) 


FIGURE  IC.  BAR  CHARTS  OF  TENSILE  STRENGTH  DATA 
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FIGURE  IC.  BAR  CHARTS  OF  TENSILE  STRENGTH  DATA  (Cont'd) 
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FIGURE  ID.  BAR  CHARTS  OF  IMPACT  STRENGTH  DATA 
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FIGURE  IE.  BAR  CHARTS  OF  T-PEEL  STRENGTH  DATA 
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Width 


FIGURE  IE.  BAR  CHARTS  OF  T-PEEL  STRENGTH  DATA  (Cont'd) 
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INTRODUCTION 

Battle  damage  or  in-field  repair 
of  military  equipment  is  gaining 
increasing  importance  worldwide. 
The  potential  for  extensive  damage 
to  military  equipment  requires 
that  repairs  be  achievable  quickly 
in  the  field  to  avoid  unacceptable 
down  times. 

Adhesives  have  a  clear  advantage 
for  fast  repair.  If  the 

appropriate  formulations  are 
available,  turnaround  times  can  be 
on  the  order  of  hours  compared  to 
the  days  required  for  more  conven¬ 
tional  techniques  such  as  welding 
and  riveting.  Further,  adhesive 
repairs  generally  require  less 
skilled  personnel  and  far  less 
equipment,  thereby  making  remote 
repairs  more  feasible. 

The  acceptance  of  adhesive  repair 
has  been  slowed,  however,  by  a 
number  of  problems  associated  with 
available  commercial  formulations. 
First,  most  formulations  will  not 
bond  adequately  to  sanded  metal 
surfaces.  Since  more  elaborate 
surface  preparations  cannot  be 
performed  in  the  field,  this 
problem  has  severely  limited  the 
use  of  adhesives.  Second,  most 
adhesives  (especially  epoxies)  are 


brittle,  and  lack  the  toughness 
necessary  to  withstand  impact 
damage,  differential  thermal 
expansions,  and  peel  forces. 
Again  this  problem  severely  limits 
their  use  in  repair  scenarios. 
Third,  most  adhesives  which  cure 
at  room  temperature  will  not  pro¬ 
vide  adequate  high  temperature 
properties  for  use  in  military 
aircraft.  This  problem  has 
resulted  in  the  development  of 
elaborate  heating  blanket  systems 
which  may  be  too  bulky  for  field 
repairs.  Finally,  many  adhesives 
lack  the  environmental  durability 
necessary  for  longer  term  repairs. 

The  program  at  DREP  was  originally 
designed  to  select  suitable  com¬ 
mercial  adhesives  for  Aircraft 
Battle  Damage  Repair  (ABDR)  appli¬ 
cations.  However,  after  the 
aforementioned  problems  were  unco¬ 
vered,  it  was  decided  to  attempt 
to  formulate  improved  epoxy  adhe¬ 
sives  and  primers.  The  results  to 
date  indicate  that  a  large  impro¬ 
vement  in  bonding  to  poorly  pre¬ 
pared  metal  surfaces  is  achiev¬ 
able,  while  at  the  same  time 
dramatically  increasing  toughness 
without  decreasing  the  shear 
strength.  The  adhesives  also 
display  good  environmental  durabi¬ 
lity,  and  retain  acceptable  higher 
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temperature  properties  when  cured 
at  moderate  temperatures. 


a 


_  200  mm 

25  mm 


F i gu re  1 .  Geometries  of  the  spe¬ 
cimens  used  to  test  adhesive 
strength  (a)  single  lap  shear  spe¬ 
cimen  for  aluminum;  (b)  cleavage 
specimen;  (c)  single  lap  shear 
specimen  for  titanium;  (d)  double 
lap  shear  specimen. 


EXPERIMENTAL 

1.  Specimens  Types 

Three  types  of  aluminum  specimens 
were  used  in  the  present  studies: 
a  single  lap  shear  specimen,  a 
double  lap  shear  specimen,  and  a 
cleavage  specimen.  The  exact 
dimensions  of  these  specimens  are 
given  in  Figure  1.  The  single  lap 
shear  specimen  is  a  mixed  mode  of 
shear  and  peel  forces.  The  double 
lap  shear  specimen  is  designed  to 
measure  absolute  strength  (mode  2) 
while  the  cleavage  specimen  is 
designated  to  measure  toughness 


(mode  1).  For  single  lap  and 
cleavage  specimens  A1  6061-T6  was 
used,  while  for  double  lap  speci¬ 
mens  the  higher  strength  A1 
7075-T6  was  employed.  Titanium 
specimens  were  tested  in  single 
lap  shear  only  using  the  geometry 
shown.  The  titanium  alloy  used 
was  aircraft  grade  and  contained 
6%  aluminum  and  4%  vanadium. 

2.  Surface  Preparations  for 
Bondi ng 

For  aluminum  specimens  two  dif¬ 
ferent  surface  preparation  proce¬ 
dures  were  employed.  In  the 
first,  specimens  were  degreased  by 
immersion  in  1,1,1,-trichloro- 
ethane.  They  were  then  etched  for 
ten  minutes  at  68°C  in  chromic 
acid  solution  (34  g  sodium  di chro¬ 
mate,  304  g  sulphuric  acid  per 
liter),  washed  with  ultrapure 
water,  and  dried  and  stored  in 
absolute  ethanol.  In  the  second, 
the  degreased  specimens- were  hand- 
sanded  with  100-grit  sandpaper  and 
immersed  in  absolute  ethanol.  For 
primed  samples  the  primer  was 
applied  after  the  sample  was 
removed  from  the  ethanol . 

For  titanium  specimens,  similar 
procedures  were  followed.  The 
major  difference  is  that  the 
etching  solution  was  a  standard 
peroxide  etch  solution  (0.5  M 
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sodium  hydroxide,  0.2  M  hydrogen 
peroxide)  and  the  etching  time  was 
one  hour  at  60°C. 

3.  Bond  Testi ng 

Specimens  were  broken  using  an  MTS 
312.21  servohydrauiic  testing 
apparatus.  For  temperature  stu¬ 
dies  the  grips  were  enclosed  in  an 
oven,  and  all  specimens  were 
equilibrated  at  each  temperature 
for  ten  minutes. 

4.  Environmental  Studies 

To  determine  environmental  durabi¬ 
lity  of  adhesive  bonds,  acce¬ 
lerated  aging  tests  were  employed. 
Bonds  were  subjected  to  100%  con¬ 
densing  humidity  and  UV  light  at 
60°C  for  periods  up  to  three 
months  in  a  WeatherOmeter  environ¬ 
mental  chamber.  All  specimens 
were  allowed  to  dry  before  testing 
after  removal  from  the  environmen¬ 
tal  chamber. 

RESULTS  AND  DISCUSSION 

1.  Effects  of  Additi ves  on  Shear 
and  Cleavage  Strength 

Figures  2  and  3  show  the  effect  of 
adding  carboxyl  terminated  butyl 
nitrile  rubber  (CTBN)  on  the 
single  lap  shear  strength  and 
cleavage  strength  of  a  basic  epoxy 
adhesive.  They  also  show  the 


effect  of  the  addition  of  a 
further  toughening  agent, 
designated  additive  A.  The  impor¬ 
tant  observation  is  the  synergism 
exhibited  by  the  two  additives  to 
produce  a  doubling  in  cleavage 
strength  over  conventional 
systems.  Figure  4  demonstrates 
that  different  rubber  additives 
have  different  abilities  to 
toughen  the  basic  epoxy  adhesive. 
In  general,  a  solid  rubber  is  pre- 
ferrable  for  the  production  of 
tough  bonds,  but  the  concentration 
is  limited  by  viscosity.  The  use 
of  rubber  tougheners  also  tends  to 
decrease  the  operational  tem¬ 
perature  and  the  shear  strength  of 
the  adhesive.  Therefore,  the 
choice  of  combinations  of  additi¬ 
ves  is  critical  to  the  production 


A 


Figure  2.  Comparison  of  the 
single  lap  shear  strengths  of 
standard  and  toughened  epoxy 
systems  on  etched  aluminum 
adherends. 


275 


A 


Figure  3.  Comparison  of  the 
cleavage  strengths  of  standard  and 
toughened  epoxy  systems  on  etched 
aluminum  adherends. 


Figure  4.  Comparison  of  the  abi¬ 
lity  of  various  rubber  for¬ 
mulations  to  increase  the  single 
lap  shear  strength  on  etched  alu¬ 
minum  adherends.  All  rubber  con¬ 
centrations  were  5  phr. 


of  a  strong,  tough  adhesive  which 
will  retain  strength  at  the 
desired  temperature. 

Similarly,  the  choice  of  additi¬ 
ves,  primers,  and  curing  agents 
can  have  a  marked  effect  on  the 
ability  of  the  adhesive  to  bond  to 
poorly  prepared  surfaces.  Figure 
5  shows  how  various  additives  and 
primers  can  affect  bond  strength 
to  sanded  aluminum,  while  Figure  6 
shows  the  varying  shear  strengths 
of  adhesives  made  with  different 
curing  agents  on  a  sanded  titanium 
surface.  All  of  these  effects 
centre  around  the  ability  of  the 
adhesive  to  wet  the  metal  surface, 
and  are  intimately  related  to  the 
chemistry  of  the  "interphase" 
region  between  metal  and  adhesive. 
The  use  of  primers,  additives,  or 
other  components  which  either 
improve  compatibility  of  the  metal 
and  adhesive  or  cause  chemical 
bonding  between  the  metal  and  the 
adhesive  are  necessary  when 
bonding  to  sanded  metal  surfaces. 
The  DREP-formulated  adhesives, 
therefore,  contain  additives  to 
promote  bonding  to  sanded  sur¬ 
faces,  and  a  special  primer  which 
has  been  developed  to  specifically 
promote  adhesion  to  poorly  pre¬ 
pared  aluminum  surfaces. 
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For  longer  term  repairs,  environ¬ 
mental  durability  of  the  bond  is 
important.  In  this  case  both  the 
selection  of  adhesive  and  surface 
treatment  are  of  major  concern. 
Assuming  that  no  more  extensive 
surface  pretreatment  than  sanding 
is  possible,  the  production  of 
durable  bonds  is  largely  dependent 
on  formulating  an  adhesive  which 
does  not  absorb  water  and  on  pre¬ 
venting  water  ingress  at  the 
adhesi ve -metal  interphase.  Figure 
7  shows  the  good  environmental 
durability  obtained  using  a 
DREP-formulated  adhesive.  These 
results  indicate  that  the  service 
life  of  these  adhesive  bonds  is  in 
excess  of  three  years  under  normal 
operating  conditions. 


Figure  5..  Demonstration  of  the 
abilities  of  additives  and  primers 
to  increase  the  single  lap  shear 
strength  of  base  epoxy  and  a  com¬ 
mercial  adhesive  on  sanded  alumi¬ 
num  adherends. 


Figure  6.  The  effect  of  different 
curing  agents  on  the  ability  of 
an  epoxy  adhesive  to  bond  to 
sanded  and  etched  titanium 
adherends.  In  each  of  the  adhesi¬ 
ves  only  the  curing  agent  is 
varied. 
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Figure  7 .  Effect  of  surface  pre¬ 
treatment  on  the  environmental 
durability  of  epoxy  adhesive  bonds 
to  aluminum  adherends.  (a)  chro¬ 
mic  acid  etched;  (b)  sanded  and 
primed:  (c)  sanded.  All  bonds 
were  aged  under  ultraviolet  lights 
at  60°C  with  100%  relative  humi¬ 
dity. 
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Another  consideration  for  epoxy 
adhesive  formulations  to  be  used 
in  field  repairs  is  their  ability 
to  function  over  a  broad  range  of 
temperatures  without  requiring  a 
high  temperature  cure.  Figure  8 
indicates  that  the  choice  of 
curing  agent  affects  the  opera¬ 
tional  temperature,  and  that  the 
adhesives  which  retain  strength  at 
high  temperatures  generally  have 
poorer  shear  strengths  and  tough¬ 
ness  at  room  temperature. 
Therefore,  several  formulations 
have  been  created  to  cover  the 
normal  temperature  range  '  of 
interest. 


Figure  8.  Comparison  of  the 

single  lap  shear  strengths  of 
DREP-formulated  adhesives  on 
etched  aluminum  as  a  function  of 
temperature.  (o— o)  LP#1;  (0”*-O) 
LP#3;  (0-0)  LP#5;  (X-x)  LP#6. 

A  final  important  feature  of  epoxy 
adhesives  is  the  speed  with  which 
cure  is  obtained.  Our  experiments 


indicate  that  accelerators  can  be 
used  to  speed  up  cure  times,  but 
they  also  severely  limit  pot  life. 
The  only  effective  compromise  is 
to  use  heat  blankets  and  moderate 
cure  temperatures  to  affect  the 
cure  in  one  to  two  hours  while 
retaining  a  reasonable  pot  life  at 
room  temperatures  for  applying  the 
adhesive. 

2.  Compari son  of  DREP-Formula- 
tions  and  Commercial  Adhesives 

Having  considered  the  requirements 
of  a  good  repair  adhesive,  adhe¬ 
sive  formulations  were  prepared 
using  additives  to  improve  tough¬ 
ness  and  bonding  to  poorly  pre¬ 
pared  surfaces.  A  number  of 
adhesives  were  formulated  to  cover 
all  operational  temperature 
ranges. 

Figure  9  compares  the  double  lap 
shear  strength  on  aluminum  of 
DREP-formulations  with  two  widely 
used  commercial  products: 

Cyanamid  FM300  (K)  which  is  a  high 
temperature  epoxy  film  adhesive 
used  in  bonding  skin  to  honeycomb 
on  fighter  aircraft,  and  Hysol 
EA9321  which  is  the  approved  room- 
temperature-curing  adhesive  for 
repairing  CF-18  aircraft.  As  is 
apparent  from  the  Figure,  all  of 
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the  DREP-formul ated  adhesives  have 
strengths  equal  to  FM300  while 
curing  at  a  much  lower  tempera¬ 
ture.  In  particular,  LP  #1  which 
cures  at  room  temperature,  has 
exceptional  strength  when  compared 
to  EA9321  and  even  exceeds  FM300 
in  overall  strength.  Both  LP  #2 
and  LP  #3  (with  higher  operational 
temperature  capabilities)  also 
have  very  high  strengths. 

Figure  10  compares  the  cleavage 
strengths  (Gi^)  or  toughness  of 
the  same  adhesives.  Again,  LP  #1 
has  exceptional  toughness, 
exceeding  the  values  for  EA9321  by 
a  factor  of  three,  and  equalling 
the  value  for  FM300.  The  highest 
temperature  formulation  (LP  #3) 
has  a  much  lower  toughness,  but 
recent  results  using  different 
curing  agents  indicate  that  the 
toughness  can  be  restored  without 
decreasing  the  operational  tem¬ 
perature  or  the  shear  strength  of 
the  adhesive. 

Figure  11  compares  the  single  lap 
shear  strength  of  LP  #1  with 
various  aluminum  surface  prepara¬ 
tions  to  the  same  tests  using 
EA9321.  In  this  case  LP  #1  bonded 
with  more  than  90%  of  full 
strength  on  sanded  aluminum,  as 
opposed  to  50%  for  EA9321.  When  a 


DREP-formul ated  primer  is  used  on 
sanded  aluminum,  both  adhesive 
formulations  bond  with  greater 
than  90%  of  maximum  strength. 
This  finding  verifies  the  ability 
of  specially  formulated  primers  to 
improve  bonding  to  aluminum  sur¬ 
faces.  However,  when  the  correct 
adhesive  formulation  is  used,  pri¬ 
mers  may  not  be  necessary  for 
efficient  bonding  to  sanded  alumi¬ 
num.  Figure  7  confirms  the  bond 
quality  of  the  DREP-formul ated 
adhesives  on  sanded  aluminum, 
since  the  differences  in  environ¬ 
mental  durability  of  bonds  using 
the  three  different  surface  pre¬ 
parations  is  small. 

Figure  12  compares  bonding  of  LP 
#1  and  LP  #2  to  EA9321  on  sanded 
and  etched  titanium.  In  this 
case,  both  LP  #1  and  LP  #2  formed 
exceptionally  strong  bonds  on  both 
sanded  and  peroxide-etched  tita¬ 
nium,  indicating  that  no  special 
surface  treatment  is  necessary 
when  bonding  to  titanium. 

Finally,  to  obtain  strength  at 
temperatures  above  100°C  for 
aircraft  repairs,  specialized 
curing  agents  must  be  employed. 
These  curing  agents  tend  to  lower 
the  overall  strength  of  the  adhe¬ 
sive  by  making  it  more  brittle. 
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Figure  9.  Comparison  of  the 
double  lap  shear  strengths  of 
DREP-formulated  adhesives  and 
selected  commercial  adhesives  on 
etched  aluminum  adherends. 


Figure  10.  Comparison  of  the 
cleavage  strengths  of  DREP- 
formulated  adhesives  and  selected 
commercial  adhesives  on  etched 
aluminum  adherends. 


LP#1  EA9321 

Figure  11.  Comparison  of  the  abi¬ 
lities  of  a  DREP-formulated  adhe¬ 
sive  and  a  selected  commercial 
adhesive  to  bond  to  aluminum 
adherends  with  various  surface 
preparations. 


LP#1  LP#2  EA9321 

Figure  12.  Comparison  of  the 
single  lap  shear  strengths  of 
DREP-formulated  epoxy  adhesives 
and  a  selected  commercial  adhesive 
on  sanded  and  etched  titanium 
surfaces. 
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Therefore,  a  range  of  adhesives 
has  been  produced  to  provide  the 
best  formulations  for  specific 
needs.  For  lower  temperature 
applications  LP  #1  provides  extre¬ 
mely  good  properties  for  all  kinds 
of  surface  preparations.  For 
higher  temperature  applications  LP 
#3  and  the  newer  formulations  LP 
#5  and  LP  #6  have  good  properties, 
although  they  do  not  form  as  tough 
bonds  as  LP  #1  and  do  not  bond  as 
well  to  poorly  prepared  metal  sur¬ 
faces.  These  problems  are  pre¬ 
sently  being  addressed. 

CONCLUSIONS 

1.  The  use  of  formulation  additi¬ 
ves  can  have  a  dramatic  effect  on 


the  overall  strength  and  toughness 
of  epoxy  adhesives. 

2.  Adhesives  can  be  formulated 
which  will  bond  with  high  strength 
to  sanded  metal  surfaces  while 
retaining  good  environmental  dura¬ 
bility. 

3.  DREP  has  formulated  a  number 
of  two-part  epoxy  adhesives  with 
properties  exceeding  commercial 
products.  Shear  values  are  up  to 
50%  higher  than  other  room- 
temperature-curing  adhesives,  and 
toughness  values  are  up  to  300% 
higher.  These  adhesives  bond  with 
up  to  90%  of  maximum  strength  on 
sanded  aluminum  and  have  excellent 
environmental  durability. 
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1 .  Introduction 

The  AH-IS  Cobra  K747  main  rotor 
blade  is  an  all-composite  state- 
of-the-art  assembly  comprised 
of  a  filament-wound  S-2  glass 
spar,  basket  weave  S-2  glass 
skin,  Kevlar®  wet  filament-wound 
spline,  and  a  Nomex  honeycomb 
core  (fig.  1).  The  spar  section 
of  the  rotor  blade  is  protected 
from  sand  and  rain  damage  by  a 
polyurethane  erosion  guard  which 
is  attached  to  the  spar  in  a  one- 
step  adhesive  bonding  operation. 

Pour  models  of  the  K747  blade 
have  been  developed  over  several 
years.  The  earliest  version, 
the  205,  possesses  a  full-length 
Estane  polyurethane  erosion  guard. 

A  field  maintenance  problem  devel¬ 
oped  when  it  was  found  that  the 
Estane  became  unstable  (soft)  at 
temperatures  in  the  range  of  +180°F 
to  +200°P — temperatures  that  the 
blade  normally  undergoes  in  hot, 
sunny  environments.  In  this  con¬ 
dition,  the  Estane  would  tend  to 
pick  up  a  large  amount  of  debris. 
For  this  reason,  an  intermediate 
blade  design  (the  205+)  was 
developed,  having  an  Estane  guard 
along  the  majority  of  the  leading 
edge  except  for  the  tip  section, 
at  which  a  P0655  polyurethane 
strip  was  used.  This  type  of 
polyurethane  had  similar  proper¬ 
ties  in  resistance  to  sand  erosion 
and  slightly  less  in  rain  than 


Estane,  but  had  improved  tempera¬ 
ture  stability.  Subsequent  K747 
models  included  the  209  and  the 
303  series,  both  possessing  a  full- 
length  P0655  erosion  guard  with 
the  exception  that  the  303  has  a 
replaceable  steel  leading  edge 
guard  at  the  blade  tip  area. 

In  the  recent  past,  the  U.S. 

Army  has  experienced  debonding 
of  P0655  erosion  guards  on  blades 
in  the  209  series.  An  investiga¬ 
tion  conducted  in  1985-86  by  a 
special  U.S.  Army  panel  identified 
a  number  of  factors  which  may  have 
contributed  to  the  debonding  inci¬ 
dents  (ref  1).  These  included; 

( 1 )  an  overly  operator-dependent 
adhesive  bonding  process  and  void- 
detection  method  (tactile); 

(2)  possible  presence  or  migra¬ 
tion  of  silicones  (from  mold 
releases)  to  the  bondline,  and 

(3)  the  presence  of  a  metallic 
coating  (used  to  reduce  the  over¬ 
all  radar  cross-section  of  the 
blade)  in  the  joint.  The  latter 
factor  was  seen  by  both  the  Army 
and  the  blade ' s  manufacturer  to  be 
the  principal  reason  for  the 
debonding  of  the  erosion  guard  in 
light  of  its  apparent  lack  of 
cohesive  strength.  It  was  the 
manufacturer's  contention  at  that 
time  that  the  radar-absorbing  layer 
should  be  removed  from  subsequent 
blade  design  specifications. 

Based  on  the  conclusions  and  recom- 
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mendations  of  the  panel,  the  U.S. 
Army  Research,  Development  and 
Engineering  Center  (ARDEC)  was 
tasked  by  the  U.S.  Army  Materials 
Technology  Laboratory  (MTL)  to 
develop  a  test  program  to  (1) 
evaluate  the  adhesive  bonding 
procedures  (i.e.,  surface  prepar¬ 
ation  of  adherends  and  actual 
bonding)  for  erosion  guards  which 
currently  exist;  (2)  conduct 
accelerated  tests  representing 
long-term  environmental  exposures 
on  the  materials  of  construction 
and  their  effect  on  joint  perfor¬ 
mance  (specifically  in  shear), 
and  finally  (3)  to  perform  sur¬ 
face  studies  to  detect  possible 
silicone  contamination  on 
"as-received"  erosion  guard  mater¬ 
ials  and  determine  whether  the 
standard  surface  preparation 
methods  presently  being  followed 
by  the  blade  manufacturer  are 
sufficient  to  remove  it. 

2 .  Approach 

Long-term  environmental  aging 
effects  on  the  erosion  guard 
adhesive  bond  were  determined  by 
accelerated  tests  on  single  sand¬ 
wich  lap  shear  joints  fabricated 
according  to  the  surface  prepara¬ 
tion  methods  and  adhesive  bonding 
procedures  listed  in  the  manufac¬ 
turer's  process  specification. 

Accelerated  tests  representing 
long-term  exposure  of  the  P0655 
polyurethane  material  to  harsh 
environments,  particularly  under 
high  heat/humidity  conditions 
were  also  performed.  Past  studies 
(ref  2)  have  shown  that  ester- 
based  polyurethane  elastomers 
are  susceptible  to  reversion 
under  those  conditions.  To 
investigate  this  possibility, 
periodic  durometer  hardness  read¬ 
ings  were  recorded  on  specimens 
conditioned  under  a  variety  of 
elevated  temperature/humidity 
environments . 


Material  studies  also  included 
Electron  Spectrometer  Chemical 
Analysis  (ESCA)  of  "as-receiv¬ 
ed"  P0655  as  well  as  P0655 
surfaces  prepared  according  to 
the  manufacturer's  adhesive 
bonding  process  specification. 

The  goal  of  this  endeavor  was 
to  detect  the  possible  presence 
of  silicones  (from  either  mold 
release  or  contaminants  in  the 
plant)  and  determine  whether 
those  silicones  would  be  removed 
following  the  blade  manufactur¬ 
er's  process  specification. 

The  impact  of  unremoved  silicones 
is  very  serious  from  an  adhesive 
bonding  standpoint  in  that  the 
chances  of  obtaining  strong, 
durable  bonds  are  made  difficult 
at  best. 

3.  Materials 

Epon  826  resin — an  unmodified 
bisphenol.  An  epoxy  resin  with 
a  weight  per  epoxide  rating 
between  180  and  188  and  a  viscos¬ 
ity  in  the  range  of  65  to  95 
poises  at  77“?. 

Versamid  125 — a  polyamide-based 
curing  agent  which  provides  a 
modest  degree  of  flexibility  to 
the  cured  polymer. 

DTA  (diethylenetriamine ) — an 
aliphatic  amine  curing  agent 
used  to  cure  epoxy  resins  at 
room  temperature.  They  afford 
relatively  short  working  lives 
(approximately  30  minutes)  and 
require  4  to  7  days  for  complete 
cure  at  room  temperature. 

E/S2  glass-epoxy  laminate — ±45° 
basket-woven  S2  glass  backed 
by  a  ±90°  E-glass  scrim  cloth 
reinforcement.  Matrix  epoxy 
resin  is  Ciba-Geigy  R920,  a 
proprietary  formulation.  Total 
laminate  thickness  is  about 
0.025  inch. 
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Orange  P0655  polyurethane — an 
ester-based  polyurethane  elas¬ 
tomer  with  a  manufacturer-report¬ 
ed  Shore  A  durometer  reading 
of  60.  This  type  of  P0655  is 
orange  in  color  due  to  pigment 
added  and  was  supplied  as  0.125- 
inch  thick  skived  sheet  stock. 

Black  P0655  polyurethane — 
reported  by  manufacturer  to 
have  identical  chemical/physical 
properties  to  orange  P0655  with 
the  exception  that  black  pigment 
has  been  added  to  meet  U.S.  Army 
requirements.  The  black  P0655 
utilized  in  this  study  was 
supplied  in  the  form  of  an  actual 
pre-molded  erosion  guard,  rather 
than  skived  material . 

RAC  (radar-absorbing  compound) — 
a  combination  of  specially 
processed  carbon  particles  in  a 
f luoroelastomer  resin  system 
designed  to  provide  high  resis¬ 
tance  values.  Diluent/carrier 
is  methyl  ethyl  ketone.  The 
RAC  is  used  to  reduce  the  radar 
cross-section  of  the  K747  blade. 

4 .  Experimental 

4.1  Durometer  Studies 

Black  P0655  erosion  boot  sections 
were  cut  from  the  leading  edge 
area  so  that  15  specimens  approxi¬ 
mately  0.125-inch  thick  were 
obtained  for  aging  at  140°F/97%  RH, 
150°F/97%  RH,  and  160°F/97%RH. 

Orange  P0655  sections  were  cut 
from  skived  sheet  stock  0.125- 
inch  thick  for  aging  at  140°F/97% 
RH,  150°F/97%  RH,  and  160°F/97%  RH. 

Both  types  of  P0655  were  tested 
according  to  ASTM-D2240  Standard 
Method  for  Rubber  Property 
Durometer  Hardness  (ref  3). 

Calibration  of  heat/humidity 
chambers  was  done  with  an  exter¬ 
nal  thermocouple/digital  thermo¬ 
meter. 


A  type  A  durometer  was  used  to 
obtain  readings  on  all  specimens, 
with  the  specimen  being  tested 
stacked  on  top  of  the  other 
four  in  its  respective  test 
group. 

4.2  Preparation  of  the  Adhesive 

All  lap  shear  joint  systems  were 
adhesively  bonded  using  the  follow¬ 
ing  adhesive  mixture: 

Epon  826  100  parts  by  wt. 

Versamid  125  10  parts  by  wt. 

DTA  6  parts  by  wt. 

Handling  strength  develops  after 
24  hours  at  room  temperature 
with  full  cure  obtainable  in  7 
days  ( ref  4 ) . 

4.3  Surface  Preparation  of  Adherends* 

4.3.1  P0655  Polyurethane 

•  0.50-in.  wide  strips  cut  from 
erosion  guard  leading  edge  area 
in  span  direction. 

•  P0655  strips  solvent-wiped 
with  MEK  (3  times). 

•  P0655  strips  mechanically 
abraded  with  #60  grit  oxide 
(Al^O  )  on  a  horizontal 
circular  sander. 

•  P0655  strips  solvent-wiped 
with  MEK  (3  times). 

4.3.2  ±90  E-glass 

•  E-glass  surface  solvent-wiped 
with  MEK  (3  times). 

•  Hand  abraded  with  #120  grit 

2  3 

•  Solvent-wiped  with  MEK  ( 3  times ) . 


*According  to  the  contractor ' s 
adhesive  bonding  process  specifi¬ 
cation  for  the  erosion  guard. 
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4.3.3  Application  of  RAC 

•  #120  grit  ^^2^3  E-glass 

solvent-wiped  with  MEK  (3  times). 

•  E-glass  surface  (backed  by 
0.063-in.  aluminum  doubler) 
dip-coated  in  an  agitated 
container  of  RAC. 

•  RAC-coated  E-glass  adherends 
allowed  to  air  dry  in  a  rack 
at  room  temperature,  then 
placed  in  an  air  circulating 
oven  at  +150°F  for  2  hours. 

•  Final  RAC  thickness  0.45  to 
0.6  mils. 

4.4  Lap  Shear  Systems 

4.4.1  The  following  lap  shear 
systems  were  constructed: 

E-glass/RAC/*/P0655/*/RAC/E-glass 

E-glass/*/P0655/*/E-glass 

E-glass/RAC/*/RAC/E-glass 

E-glass/*/E-glass 

*Epon  826-V125-DTA  adhesive 

All  lap  shear  joints  incorpor¬ 
ated  0.063  aluminum  doublers 
for  added  stiffness  and  were 
fabricated  using  a  bonding 
template  (fig.  3).  The  entire 
bonding  assembly  was  vacuum- 
bagged  and  a  pump  was  used  to 
create  the  necessary  20-inch 
Hg  vacuum  and  maintain  it  for 
the  24-hour  RT  cure. 

4.4.2  Environmental  Condi¬ 
tioning/Testing  of  Lap  Shears 

Lap  shear  systems  were  environ¬ 
mentally  conditioned  according 
to  table  1.  Testing  was  perform¬ 
ed  in  accordance  with  ASTM-D1002 
Standard  Method  for  Strength 
Properties  of  Adhesives  in  Shear 
by  Tension  Loading  (ref  5). 


4.5  Electron  Spectrometer 
Chemical  Analysis  Rims  (ESCA) 

ESCA  runs  were  made  on  the 
following  types  of  black  P0655: 

(1)  "as-received"  material; 

( 2 )  3-time  MEK  solvent-wiped 
samples,  and  (3)  3-time  MEK- 
wiped/60  grit  abraded/3-time 
MEK-wiped  samples. 

Black  P0655  specimens  were 
removed  from  the  erosion  guard 
supplied  by  the  manufacturer. 
Spectrometer  runs  for  all  black 
P0655  samples  were  performed  on 
the  inside  surface  of  the  boot 
material . 

The  ESCA  plots  in  this  study 
represent  data  obtained  from 
surface  scans  in  which  the  samples 
were  orientated  so  that  the 
surfaces  to  be  analyzed  were  60° 
to  the  analyzer  slit.  In  this 
way,  electrons  would  escape  out 
from  depth  of  about  12  angstroms 
(A)  within  sample  being  scanned. 

5.  Discussion  of  Results 

5.1  Durometer  Studies 

Black  P0655 

The  black  P0655  was  not  noticeably 
affected  by  the  140°F/97%  RH 
conditioning  through  3  weeks  of 
exposure,  with  average  durometer 
readings  of  57,  56,  and  58  for 
7,  12,  and  19  days,  respectively. 

Figure  4  shows,  however,  that 
aging  at  150°F/97%  RH  did  prove 
deleterious,  reducing  the  average 
durometer  reading  to  55  after  1 
week  of  exposure.  Aging  an  addi¬ 
tional  10  days  reduced  that  average 
to  49;  and  after  a  21-day  exposure, 
the  average  fell  to  40.  Figure  4 
also  illustrates  that  the  deterior¬ 
ation  of  the  black  P0655  was  greatly 
accelerated  when  aged  in  the 
160°F/97%  RH  environment.  After 
only  a  10-day  exposure,  the  average 
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durometer  reading  was  determined 
to  be  43;  after  12  days  40,  and 
finally,  after  14  days  it  had 
decreased  to  34.  The  last  duro¬ 
meter  readings  obtained  after  18 
days  of  exposure  yielded  an  aver¬ 
age  of  21.  Aging  the  P0655 
beyond  that  point  made  subsequent 
readings  impossible  to  obtain 
due  to  the  degradation  observed. 

From  the  durometer  data  obtained 
at  150°F/97%  RH  and  160°F/87%  RH, 
it  appears  that  an  extensive 
amount  of  reversion  took  place 
in  a  relatively  short  time  (up 
to  21  days)  under  those  condi¬ 
tions.  Reversion  of  an  ester- 
based  polyurethane,  like  P0655, 
occurs  when  its  ester  linkages 
are  attacked  by  water  molecules 
resulting  in  a  hydrolysis 
reaction.  The  net  result  of  this 
action,  given  enough  time,  is 
the  conversion  of  the  urethane 
rubber  into  a  shapeless  blob 
[ref  6  (such  a  condition  was 
observed  in  this  study  for  black 
P0655  polyurethane  erosion  guard 
specimens  aged  for  a  period  of 
25  days  at  160°F/97%  RH  as  shown 
in  fig.  5)].  In  addition,  the 
durometer  readings  also  seem  to 
indicate  that  the  conditions 
necessary  for  the  onset  of  signi¬ 
ficant  black  P0655  reversion  were 
in  the  range  of  150°F  to  160°F/ 

97%  RH,  with  an  expected  increase 
in  the  rate  of  reversion  accompany¬ 
ing  a  rise  in  conditioning  tempera¬ 
ture  at  a  given  humidity  level. 

Orange  P0655 

Considering  the  orange  P0655, 
aging  at  140°F/97%  RH  also  did 
very  little  to  affect  durometer 
hardness  of  the  material  for 
exposure  times  as  long  as  7 
weeks.  Data  obtained  for  aging 
1  week  at  150°F  also  indicated 
no  noticeable  change  from  the 
control  average  of  65.  After  an 
elapsed  time  of  17  days  at  150°F, 
however,  a  slight  decrease  to  an 


average  of  62  was  observed,  and 
an  additional  4  days  aging  reduced 
that  figure  to  61.  Going  further, 
aging  at  160°F/97%  RH  did  result 
in  minute,  yet  significant 
decreases  in  durometer  readings: 
after  a  10-day  exposure  period, 
durometer  readings  fell  to  60 ; 
after  12  days  58;  after  14  days 
the  average  durometer  reading  fell 
to  57,  and  finally,  after  18  days, 
it  was  55. 

The  data  presented  for  orange 
P0655  indicates  that  some  limited 
reversion  of  that  material  took 
place,  but  to  nowhere  near  the 
extent  previously  described  for 
the  black  P0655.  Figures  4  and  6 
reveal  the  relatively  high  rever¬ 
sion  resistance  of  the  orange 
P0655  as  compared  to  the  black 
P0655.  There  are  a  number  of 
possible  reasons  for  this  phenom¬ 
enon.  Although  claimed  by  the 
manufacturer  to  be  chemically 
identical  (except  for  the  addition 
of  black  pigment)  to  orange  P0655, 
this  particular  erosion  boot  may 
not  have  been  prepared  with  the 
proper  stoichiometric  ratios  of 
resin  to  curing  agent.  Differ¬ 
ences  in  stoichiometric  ratios  for 
the  same  material  have  been  shown 
in  the  past  studies  (ref  2)  to 
affect  a  material's  reversion 
characteristics.  Another  explana¬ 
tion  is  related  to  the  physical 
processing  of  the  two  types  of 
P0655.  The  black  P0655  is  die- 
roolded,  a  material  which  has  a 
relatively  large  surface  area  due 
to  the  microporosity  of  its  surface. 
The  orange  P0655  is  a  skived  material, 
sliced  off  a  billet  of  P0655  poly¬ 
urethane,  which  has  a  relatively 
smooth  surface.  Consequently  then, 
given  the  difference  in  the  amount 
of  reacting  surface,  one  would 
expect  to  find  a  higher  reversion 
rate  for  the  black  P0655  material. 

A  third  and  more  likely  possibility 
is  that  the  two  types  used  differ¬ 
ent  polyol  resins  to  form  the  poly¬ 
urethane. 
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5.2  I.ap  Shear  Results 

5.2.1  General  Observations 

The  testing  of  the  E-glass/ 

E-glass  and  the  RAC /RAC  adhes¬ 
ively  bonded  systems  exhibited 
very  little  tendency  to  bend 
under  tension  loading,  thus 
greatly  minimizing  the  effects 
of  peel  and  yielding  accurate 
shear  strength  values  with 
little  scatter  for  the  adhesive 
and/or  the  RAC. 

The  lap  shear  specimens  incor¬ 
porating  P0655  polyurethane  as 
an  adherend,  on  the  other  hand, 
cannot  be  classified  strictly  as 
"lap  shear"  joints;  rather,  these 
specimens,  when  loaded  in  tension, 
exhibited  failure  characteristics 
representing  a  complex  combination 
of  shear  and  peel  forces. 

Figure  7  shows  a  typical  sandwich 
lap  shear  under  tension.  As  the 
joint  elongates,  peel  forces  must 
develop  at  the  free  surface  edge 
to  maintain  equilibrium  (ref  7). 
These  peel  forces  represent  a 
small  percentage  of  the  total 
joint  stresses  for  a  very  rigid 
system.  In  the  case  where  P0655 
is  used  as  a  sandwich  member, 
however,  its  tendency  to  elongate 
magnifies  this  edge  peel  effect. 
Consequently,  the  ultimate  per¬ 
formance  of  this  type  of  joint, 
in  a  so-called  "shear"  situation, 
becomes  directly  dependent  on  the 
bond  condition  at  the  free 
surface  edge,  i.e.,  if  it  is  good, 
then  the  failure  would  be  expected 
to  be  largely  the  result  of  shear 
forces.  If,  however,  a  poor  edge 
bond  exists,  the  concentration  of 
peel  forces  at  the  free  edge 
would  cause  a  joint  failure  to 
be  initiated  there  first,  propa¬ 
gating  under  a  complex  combination 
of  peel  and  shear  stresses,  thus 
yielding  lower  than  expected  lap 
shear  values.  This  scenario  could 
serve  as  an  explanation  for  the 


apparent  discrepancy  in  lap 
shear  strengths  reported  for  those 
E-glass/E-glass  and  P0655/E-glass 
joints  reported  to  fail  with  high 
degrees  of  cohesive  failure  in  the 
Epon  826  adhesive  system.  Ideally, 
if  the  latter  joint  system  was 
rigid  with  failures  occurring 
cohesively  in  the  adhesive,  the 
two  systems  should  have  yielded 
similar  shear  strengths,  which  they 
did  not.  In  a  similar  sense, 
failure  in  the  P0655/RAC  joints 
may  have  been  100%  cohesive  in  the 
RAC  layer,  but  that  average  was 
significantly  lower  than  the  shear 
strength  average  reported  when 
RAC /RAC  lap  shears  were  tested. 
Therefore,  it  is  evident  that  the 
RAC  in  the  P0655/RAC  joint  system 
must  have  failed  under  stresses 
other  than  pure  shear  in  view  of 
the  relatively  low  shear  strengths 
obtained. 

It  must  be  concluded  then,  that  the 
lap  shear  results  obtained  in  this 
study  for  the  systems  incorporating 
P0655  as  an  adherend,  although  they 
may  be  compared  to  each  other,  may 
not  be  compared  to  results  obtained 
for  rigid  systems  (i.e.,  the  E-glass/ 
E-glass  and  RAC/RAC  systems ) . 

5.2.2  Room  Temperature  and  Aged  Lap 

Shear  Results 

^-glass/E-glass  Joints 

The  room  temperature  average  obtained 
when  E-glass/E-glass  adhesively 
bonded  joints  were  tested  in  tension 
was  1,455  psi.  Aging  this  lap  shear 
system  at  150°F/97%  RH  for  0  to  2 
weeks  resulted  in  a  substantial 
increase  in  average  lap  shear  strength 
as  shown  in  figure  8,  possibly  due  to 
a  post-curing  effect.  Additional 
aging  in  this  environment,  however, 
served  to  decrease  lap  shear 
strength  by  25%  after  21  days  total 
exposure  time  to  1,640  psi.  Although 
its  performance  on  a  residual  strength 
basis  exceeded  expectations,  this 
fact  does  not  necessarily  imply  that 
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this  adhesive  system  would  be 
equally  resistant  to  the  effects 
of  a  high  heat/high  humidity 
environment  under  a  stressed 
condition. 

Conditioning  for  1  hour  and 
testing  at  180 °F  reduced  the 
average  lap  shear  strength  to 
30%  of  the  room  temperature 
average.  Although  this  figure 
is  not  good  from  an  adhesive 
bond  standpoint,  it  was  still 
about  300  psi  higher  than  the 
shear  strength  of  the  RAC  tested 
under  the  same  conditions  and 
350  psi  higher  than  the  shear 
strength  requirement  of  30  psi  in 
the  contractor's  process  specifi¬ 
cation. 

RAC/RAC  Joints 

From  lap  shear  data  presented  in 
figure  9,  it  is  evident  that 
this  RAC  does  not  possess  an 
optimum  weathering  capability 
when  exposed  to  hot,  humid 
environments.  In  less  than 
16  days  in  a  150‘’F/97%  RH 
environment,  RAC/RAC  lap  shears 
lost  an  average  of  80%  of  their 
room  temperature  lap  shear 
strength  of  572.  Although  a 
K747  blade  is  rarely  subjected 
on  a  constant  basis  to  such 
conditions  while  in  service, 
similar  conditions  could  pos¬ 
sibly  be  met  in  depot  storage 
containers  in  hot,  humid  areas, 
as  reported  in  past  studies 
with  the  UH-1  blade  (ref  8). 

Conditioning  for  1  hour  and 
testing  at  185°F  (dry)  would, 
however,  be  representative  of 
normal  operating  conditions  of 
the  blade  in  hot,  sunny  loca¬ 
tions.  The  results  at  185°F 
showed  a  rapid  deterioration 
of  lap  shear  performance  with 
an  average  of  85  psi  and  the 
principal  mode  as  being  100% 
cohesive  in  the  RAC  layer. 
Although  this  figure  is  still 


above  the  shear  requirement 
(30  psi),  it  by  no  means  quali¬ 
fies  this  RAC  material  as  a 
constituent  in  most  adhesive 
bonding  applications  requiring 
strength  and  durability. 

From  the  lap  shear  data  obtain¬ 
ed  in  this  study,  it  is  clear 
that  this  particular  RAC  is  not 
a  desirable  material  to  be 
incorporated  into  any  adhesive 
bonding  application  due  to  its 
poor  weatherability ,  as  well  as 
its  susceptibility  to  catas¬ 
trophic  failure  in  complex  load¬ 
ing  situations  involving  peel, 
as  well  as  shear  forces. 

Black  P0655  Sandwich  Lap  Shears 

Figure  10  shows  two  curves 
representing  the  effect  of  a 
160°F/97%  RH  environment  on  the 
lap  shear  strength  of  P0655 
joints  containing  the  RAC  layer 
and  those  in  which  the  P0655  is 
bonded  to  E-glass  surfaces. 

P0655  joints  containing  no  RAC 
possessed,  on  average,  room 
temperature  lap  shear  strengths 
400  psi  higher  than  joints  in 
which  the  RAC  layer  was  incor¬ 
porated.  This  figure,  however, 
had  a  very  large  standard  devia¬ 
tion  associated  with  it,  as 
seen  in  table  4.  The  observed 
scatter  in  P0655  lap  shear  data 
may  have  been,  in  part,  due  to 
the  complex  loading  described 
earlier  for  P0655  sandwich  lap 
joints.  Still  another  explana¬ 
tion  could  be  that  the  relatively 
large  deviations  were  due  to  the 
presence  of  unremoved  silicones 
from  the  P0655  surface.  In 
either  case,  room  temperature 
lap  shear  values  can  be  expected 
to  range  anywhere  from  300  to 
1,000  psi  based  on  the  lap  shear 
data  obtained  for  this  type  of 
joint. 
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Aged  non-RAC  joints  displayed 
significant  losses  in  lap  shear 
strength  in  the  1-  to  3-week 
period  of  exposure,  dropping  an 
average  of  300  psi  in  that  time. 
Failure  modes  for  early  periods 
of  exposure  were  a  mixed  combina¬ 
tion  of  adhesive-to-E-glass/ 
failures  in  the  adhesive/or 
cohesive  in  the  P0655.  Success¬ 
ive  conditioning  periods  were 
marked,  however,  by  complete 
failure  in  the  P0655  at  very 
low  stress  levels  (27  psi  after 
5  weeks ) .  The  condition  of  the 
P0655  material  for  the  latter 
exposure  period  (3  to  5  weeks) 
was  so  deteriorated  that  typical 
elongations  of  the  P0655  lap 
shear  joints  obtained  prior  to 
failure  were  almost  ten  times 
those  for  the  unaged  control 
lap  shears  (1.5  inches  versus 
0.15  inch  to  total  Instron 
crosshead  travel).  This  deter¬ 
ioration  of  the  black  P0655 
after  2  to  5  weeks  of  exposure 
is  further  proof  of  what  limited 
durometer  studies  indicated 
earlier;  that  some  type  of 
reversion  of  the  material  must 
have  taken  place.  Consequently 
then,  from  the  aged  black  P0655 
lap  shear  data  available,  it  is 
not  inconceivable  that  the 
instability  of  the  black  P0655 
in  hot,  humid  conditions  even¬ 
tually  could  reduce  the  bond 
strength  to  minimum  acceptance 
levels  over  the  long-term. 

Lap  shear  joints  in  which  the 
black  P0655  was  bonded  to  RAC- 
coated  E-glass  were  also  exposed 
to  the  160°F/97%  RH  environment. 
The  results  of  prolonged  expos¬ 
ures  to  this  environment  are 
also  graphically  depicted  in 
figure  14.  Note  that  for  ini¬ 
tial  periods  of  exposure 
( through  8  days ) ,  lap  shear 
values  obtained  for  aged  joints 
did  not  deviate  from  the  control 
average.  Upon  additional  aging, 
however,  there  appeared  to  be  a 


rapid  decrease  in  shear  strength 
in  the  period  between  14  and  21 
days  (almost  55%).  Subsequent 
aging  (21  to  33  days)  produced 
a  deterioration  trend  in  that 
region  identical  to  that  of  the 
P0655/E-glass  joint  described 
earlier;  also  affected  in  exactly 
the  same  manner  was  the  P0655 
material  which,  again,  showed 
signs  of  significant  reversion. 

Table  4  also  shows  the  effects 
of  conditioning  for  1  hour  and 
testing  both  types  of  black 
P0655  lap  shears  at  185°F.  The 
figures  show  drastic  reductions 
in  average  shear  strengths  for 
joints  containing  the  RAC  and 
those  which  do  not.  Those 
specimens  which  did  not  have 
the  RAC  layer  as  an  adherend 
experienced,  on  average,  an  80% 
drop  in  lap  shear  strength  as 
compared  to  the  control  group. 
Joints  in  which  the  P0655  was 
bonded  to  the  RAC  underwent  a 
similar  loss  in  lap  shear 
strength  (64%).  Failure  modes 
in  the  latter  group  were  100% 
cohesive  in  the  RAC  layer.  On 
the  other  hand,  for  joints  not 
incorporating  the  RAC  the  failure 
modes  were  mixed,  having  varying 
degrees  of  P0655  cohesive  failure. 
Conditioning  for  only  1  hour  at 
185%F,  it  seems,  also  served  to 
measurably  soften  the  black 
P0655,  allowing  it  to  stretch 
much  more  as  the  lap  shear  was 
being  pulled. 

5.3  ESCA  Studies 

Figures  11  through  13  report  the 
results  for  ESCA  runs  performed 
on  "as-received"  and  surface- 
prepared  samples  of  black  P0655 
erosion  guard  material.  Each 
figure  contains  three  plots 
superimposed  for  comparative 
purposes  and  are  graphs  of  the 
counts  registered  by  the  ESCA 
versus  the  binding  energy  in 
electron  volts  (eV). 
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Figure  11:  Shown  is  the  spectra 
for  the  carbon  Is  region  of  the 
black  P0655  materials  with 
different  surface  treatments: 

(a)  "as-received";  (b)  follow¬ 
ing  three  MEK  wipes;  and  (c) 
after  three  MEK  wipes,  abrasion 
with  #60  grit  A1  0^,  and  three 
MEK  wipes.  Spectra  was  taken 
with  high  resolution. 

Figure  12:  Nitrogen  Is  region 
of  black  P0655  polyurethane 
with  different  surface  prepara¬ 
tions:  (a),  (b),  and  (c)  as 

above . 

Figure  13 :  Energy  region  show¬ 
ing  silicon  2s  and  2p  lines  for 
black  P0655  with  different 
surface  preparations:  (a),  (b), 
and  (c)  as  above. 

Interpretation  of  ESCA  Results 

The  basic  structural  unit  for  a 
urethane  can  be  written  as 
follows; 

H  0 

I  II 

R  -  N  -  C  -  OR 

Figure  11  shows  the  carbon  Is 
energy  region  for  black  P0655 
specimens  with  three  different 
surface  preparations.  As  can 
be  seen  when  the  "as-received" 
curve  is  compared  with  the 
three-MEK  wipe  trace,  there 
is  a  noticeable  carbonyl  peak 
{-t=0)  present  for  the  latter 
specimen.  The  carbonyl  group, 
as  seen  above,  is  indicative  of 
the  polyurethane  material  itself, 
and  since  there  was  not  any 
carbonyl  spectra  observed  in 
the  "as-received"  scan,  it  can 
be  surmised  that  something  on 
the  "as-received"  surface  must 
have  prevented  the  detection 
of  the  urethane  carbonyl  group. 
This  was  the  first  indication 
that  a  mold  release  may  have 
been  on  the  "as-received" 


specimens.  This  data  also 
indicated  that  the  three  MEK 
wipes  significantly  reduced 
the  amount  of  the  unknown  surface 
film  based  on  the  appearance  of 
the  carbonyl  peak. 

Figure  12,  in  a  similar  way,  shows 
that  in  a  scan  in  the  nitrogen  Is 
region  for  the  "as-received"  speci¬ 
men,  the  spectra  obtained  was 
basically  noise  with  no  nitrogen 
(also  indicative  of  polyurethane 
as  seen  above)  peak  detected. 

After  the  three  MEK  wipes,  however, 
a  nitrogen  Is  peak  does  appear 
lending  further  proof  to  the  exis¬ 
tence  of  some  type  of  masking  film 
on  the  surface  of  the  black  P0655 
"as-received"  specimens. 

Figure  13  represents  the  2s  and 
2p  lines  for  silicon.  It  is 
immediately  apparent  that  a  high 
intensity  peak  for  silicon  was 
obtained  for  the  "as-received" 
black  P0655  sample.  Although 
the  ESCA  instrumentation  could 
not  distinguish  between  silica 
and  silicone  spectra,  the  possi¬ 
bility  of  silicone  surface  con¬ 
tamination  could  not  be  ruled 
out  for  a  number  of  reasons. 

First  of  all,  the  silicon  counts 
for  the  three-MEK-wiped  black 
P0655  was  noticeably  lower  than 
for  the  "as-received"  black  P0655 
(15.7  counts  versus  24  counts, 
respectively).  This  would  indi¬ 
cate  that  the  three  MEK  wipes 
served  to  remove  significant 
amounts  of  some  type  of  compound 
containing  silicon  in  its  struc¬ 
ture,  most  likely  a  mold  release. 
The  silicon  2p  line  was  further 
reduced  by  surface  preparation  (c) 
to  an  eight  count  level. 

From  the  evidence  provided  by 
the  carbon,  nitrogen,  and  silicon 
ESCA  spectra  for  black  P0655 
specimens,  there  is  a  strong 
indication  that  a  relatively 
thick  silicone  layer  prevented 
scanning  of  the  polyurethane 


290 


material  itself  in  the  case  of 
"as-received"  samples.  It  was 
also  indicated  that  the  three 
MEK  wipes  significantly  reduced 
the  amount  of  this  silicone 
layer,  but  its  total  removal 
could  not  be  confirmed.  This 
is  due,  in  part,  to  the  possi¬ 
bility  that  silica-containing 
fillers  or  flow  control  agents 
in  the  P0655  may  be  responsible 
for  the  Si  lines  in  the  cases 
for  Samples  prepared  by  methods 
(b )  and  { c ) . 

6.  Summary  and  Conclusions 

Durometer  studies  on  black  and 
orange  P0655  polyurethane  indi¬ 
cated  that  reversion  of  this 
ester-based  urethane  occurred 
for  specimens  exposed  to  150°F 
and  160°F/97%  RH  environments, 
with  the  rate  of  reversion  of 
the  black  molded  P0655  signifi¬ 
cantly  higher  than  that  of 
orange  skived  P0655  material, 
for  reasons  related  to  differ¬ 
ences  either  in  the  chemical 
constituents  (polyol  resins, 
etc.)  and/or  processing  of  the 
two  materials.  Further,  the 
observed  reversion  rate  was 
found  to  be  proportional  to 
increases  in  temperature  for 
a  singular  high  humidity  envir¬ 
onment.  To  rectify  this  situa¬ 
tion,  it  may  be  necessary  to 
replace  the  current  P0655 
material  with  one  possessing  a 
lower  reversion  susceptibility, 
possibly  a  polyether-based 
urethane . 

Lap  shear  results  for  specimens 
incorporating  P0655  and  the 
metallized  RAC  indicate  that 
this  particular  RAC  is  a  very 
poor  substrate  to  bond  to  in 
any  adhesive  bonding  applica¬ 
tion.  The  RAC  was  also  shown 
to  have  extremely  poor  weather¬ 
ing  capabilities  under  high 
heat/humidity  environments 
such  as  those  a  helicopter  blade 


may  typically  be  exposed  to  in 
storage  containers  located  in 
hot,  humid  areas. 

From  the  ESCA  results  obtained, 
it  can  be  stated  that  the  "as- 
received"  samples  of  black  P0655 
contained  a  surface  film  of  a 
silicone-based  product,  possibly 
a  mold  release.  Further,  it  was 
shown  that  the  surface  prepara¬ 
tion  procedures  listed  in  the 
contractor's  process  specifica¬ 
tion  seemed  to  significantly 
reduce  the  amount  of  silicone 
contamination,  but  the  total 
elimination  of  the  silicones 
could  not  be  confirmed.  The 
presence  of  unremoved  silicones 
on  any  material  to  be  adhesively 
bonded,  as  previously  stated, 
will  most  likely  result  in  a  very 
poor  adhesive  bond.  This  may,  in 
part,  serve  to  explain  the  vary¬ 
ing  degree  of  P0655  bondability 
observed  in  this  study. 

Taken  in  their  entirety,  the 
black  P0655's  susceptibility 
to  reversion,  the  RAC's  poor 
adhesive  bond  performance,  the 
possible  presence  of  unremoved 
silicones  from  the  erosion 
guard,  as  well  as  the  observed 
variance  in  P0655  bondability, 
all  serve  to  emphasize  the  need 
for  { 1 )  thorough  and  proper 
testing  and  qualification  of 
materials  in  the  design/selec¬ 
tion  phase;  (2)  strict  compliance 
on  the  assembly  line  to  surface 
preparation  and  adhesive  bonding 
procedures  listed  in  the  contrac¬ 
tor's  process  specification,  and 
(3)  stringent  controls  on  the 
formulation  and  acceptance  of 
any  material  to  be  adhesively 
bonded.  Lack  of  control  over 
any  one  of  these  factors  will 
inevitably  lead  to  costly 
production  delays,  time  consum¬ 
ing  overhauls,  and/or  expensive 
retesting  of  replacement  materials, 
as  shown  in  this  adhesive  bonding 
study. 
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Table  1.  Test  program  for  lap  shear  speclmenB 


Rigid  lap  shear  Evstems 
E-glass/E-glass 


EAC/RAC 


_ Test  envlronment(E) _ 

Room  temperature  controls 

1  hour  at  185°F 

1,  2,  3  weeks  at  150°F/97%  RH 

Room  temperature  controls 

1  hour  at  1B5°F 

1,  2,  3  weeks  at  150°F/97%  RH 


P0655  lap  shear  systems 

Black  P0655  -  no  RAC  Room  temperature  controls 

1  hour  at  1B5°F 

1,  3,  5  weeks  at  160°F/97%  RH 

Black  P0655  -  with  RAC  Room  temperature  controls 

1  hour  at  1B5°F 

1,  3,  5  weeks  at  160°F/97%  RH 


Table  2.  E-glass/E-glass  lap  shear  results. 


Failure  mode 


Lap  shear 
number 

Type 

RT 

Exposure 

time 

Lap  shear 
strength 
(osi) 

%  cohesive 
in  826 
system 

%  adhesive 
to 

E-plass 

% 

adherend 

failure 

1 

1360 

100% 

2 

control 

- 

1240 

100% 

- 

• 

3 

• 

1800 

100% 

- 

- 

4 

Average 
Std  Dev 

1420 

1A60 

241.8 

100% 

5 

150®F/ 

4  days 

1480 

40% 

60% 

6 

97%  RH 

4  days 

1780 

50% 

50% 

- 

7 

Average 
Std  Dev 

4  days 

1620 

1630 

150.2 

45% 

55% 

8 

ISO^F/ 

13  days 

1800 

50% 

50% 

9 

97%  RH 

13  days 

2000 

20% 

80% 

- 

10 

Average 
Std  Dev 

13  days 

1980 

1930 

110.2 

40% 

60% 

11 

150OF/ 

15  days 

1880 

100% 

12 

97%  RH 

15  days 

1840 

- 

- 

100% 

13 

Average 
Std  Dev 

15  days 

2320 

2010 

266.3 

10% 

90% 

14 

150®F/ 

21  days 

1600 

60% 

40% 

15 

97%  RH 

21  days 

1560 

50% 

50% 

“ 

16 

Average 
Std  Dev 

21  days 

1740 

1630 

94.5 

50% 

25% 

25% 

17 

las^F 

1  hour 

480 

100% 

18 

1  hour 

410 

100% 

- 

- 

19 

1  hour 

380 

100% 

- 

- 

20 

Average 
Std  Dev 

1  hour 

300 

390 

74.5 

100% 
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Table  4.  Environmental  aging  of  black  POSSS  sandwich  lap  shears^ 


Average  failure  mode 

_ type  observed _ 

Lap  shear  % 


Lap  shear 
_ type _ 

Exposure 

time 

strencth  (psl) 

Avc.  Std.  Lev. 

%  cohesive 
in  826 
system 

%  P0655 
failure 

cohesive 

in 

RAC 

Ho  RAC  in  joint 

RT  -  Controls 

- 

535 

244.9 

80% 

20% 

- 

16P°F/97%  RH 

4  days 

320 

44.2 

70% 

25% 

- 

1600F/97%  RH 

8  days 

342 

112.6 

80% 

20% 

- 

1600F/97%  RH 

16  days 

105 

6.2 

- 

100% 

- 

160°F/97%  RH 

22  days 

62 

8.7 

- 

100% 

- 

160°F/97%  RH 

33  days 

252 

11.6 

- 

100% 

- 

185°F 

1  hour 

112 

23.8 

60% 

40% 

- 

RAC  in  joint 

RT  -  Controls 

- 

147 

22.8 

- 

- 

100% 

160°F/97%  RH 

4  days 

140 

42.6 

- 

- 

100% 

160°F/97%  RH 

8  days 

145 

31.9 

- 

- 

100% 

160°F/97%  RH 

22  days 

57 

7.2 

- 

100% 

- 

160°F/97%  RH 

33  days 

272 

8.3 

- 

100% 

- 

185°F 

1  hour 

53 

16.3 

- 

- 

- 

^  Minimum  number  of  specimens  per  test  group  was  6. 

2  Fails  to  meet  contractor's  shear  strength  specifications. 


Table  3.  RAC/RAC  lap  shear  results 


Failure  mode 


Lap  shear 

Exposure 

(t  Tvpe  time 

Lap  shear 
strength 
(psi) 

%  cohesive 
in 

826  system 

%  cohesive 
in  RAC 

%  RAC 
to 

E-olass 

1 

RT  ctl 

540 

100% 

2 

• 

600 

- 

100% 

- 

3 

- 

530 

- 

100% 

- 

4 

Average 

Std  Dev 

620 

572 

44.3 

100% 

5 

150°F/97%  RH 

7  days 

300 

10% 

90% 

6 

7  days 

360 

- 

70% 

30% 

7 

Average 

Std  Dev 

7  days 

300 

320 

30.3 

25% 

75% 

8 

150°F/97%  RH 

14  days 

120 

10% 

90% 

9 

14  days 

140 

- 

25% 

90% 

10 

Average 
Std  Dev 

14  days 

200 

154 

41.6 

25% 

75% 

11 

150°F/97%  RH 

21  days 

228 

30% 

70% 

12 

21  days 

120 

- 

10% 

90% 

13 

Average 
Std  Dev 

21  days 

170 

172 

54.0 

20% 

80% 

14 

185°F 

1  hour 

70 

100% 

15 

1  hour 

82 

- 

100% 

- 

16 

1  hour 

88 

- 

100% 

- 

17 

Average 
Std  Dev 

1  hour 

100 

85 

12.4 

100% 

294 


FILAMENT  WOUND 
±450  BASKET  WEAVE 
S2  GLASS  SPAR 


+450  BASKET  WEAVE  S  GLASS 
BACKED  BY  No.  120  E-GLASS 
SKIN  (TOP  SURFACE) 


P0655  POLYURETHANE 
EROSION  GUARD 
(ADHESIVELY  BONDED) 


NOMEX  HONEYCOMB 
CORE 


UNIDIRECTIONAL 
KEVLAR  SPLINE 


Figure  1.  AH-lS  main  rotor  blade  section 


P0665  POLYURETHANE  • 
EPON  B26/V128/DTA  ADHESIVE. 

RAC  LAYER. 
+90°  E-GLASS  FACE  OF  LAMINATE  '■ 
+45OS2-GLASS  FACE  OF  LAMINATE*! 
EPON  826A/12e/OTA  ADHESIVE* 
P2  ETCHED  2024  ALUMINUM*! 


PRE-CUREO  DOUBLER 
ASSEMBLY 


Figure  2.  Typical  lap  shear  test  specimen 

(includes  P0655  polyurethane  and  RAC), 
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2024  ALUMINUM 
"FINGER"  PANEL  WITH 
ALIGNMENT  HOLES 


SANDED  E-GLASS  BACKED 
BY  2024  ALUMINUM 


ALIGNMENT  PEGS 


LAP  SHEAR 
TEMPLATE 


TEMPLATE  SPACER 
(''-^0.126“) 


SO"  BOND  OVERLAP 


Figure  3.  Fixture  used  in  fabrication  of  lap  shear  specimens 
(vacuum  bagging  not  shown) 


Figure  4.  Effect  of  various  high  heat/high  humidity  environments 
on  durometer  A  hardness  of  black  P0655 
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APPLIED  LOAD 


Figure  7.  Development  of  peel  forces  in  P0655  sandwich  lap  joint 


Figure  8.  Effect  of  high  heat/humidity  aging  on  lap  shear 
strength  E-glass/E-glass  joint 


LAP  SHEAR  STRENGTH  (PSD 


800 


700  k 


T  T  T 


7  14  21 

TIME  OF  EXPOSURE  (DAYS) 


Figure  9.  Effect  of  high  heat/humidity  aging  on  lap 
shear  strength  RAC/RAC  joint 


14  21 

TIME  OF  EXPOSURE  (DAYS) 


Figure  10.  Effect  of  high  heat/humidity  aging  on  lap  shear 
strength  black  P0655  sandwich  lap  shears 
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CXMPUTERIZED  ADHESIVE  TECHNOLOGY 


by 

John  Nardone 

US  Anny  Arraament,  Research,  Development,  &  Engineering  Center 

Picatinny  Arsenal,  NJ 


INTRODUCTION 

The  Army's  technology  for 
adhesive  bonding  is  being 
compiled  for  retrieval  iising 
the  computer  technology  at 
the  U.S.  Anr^  Armament 
Research,  Development  and 
Engineering  Center  (ARDEC) , 
Picatinny  Arsenal,  New 
Jersey.  This  initiative, 
sponsored  by  the  Army 
Materiel  Cotimand  (AMC) ,  will 
consolidate  the  coirmand's 
activities  in  support  of  the 
application  of  adhesives  for 
structural  bonding. 

What  is  unique  about  this 
effort  is  that  engineering 
data  will  be  centralized  in  a 
main  computer  file  and 
accessible  frcxn  remote 
locations  using  conventional 
telephonic  means  enabling 
individuals  to  assess  the 
most  current  research  and 
methodology.  The  technical 
information  will  help  to 
minimize  duplication  of 
effort,  disseminate  results 
of  materials  assessments,  and 
expedite  prdblon  solving. 
ARDEC  was  tasked  bo  develop 
an  AMC  oriented  data  file 
since  it  had  previously 
developed  a  specialized 
adhesives  data  base  for 


Aviation  Systems  Ccxnmand 
(AVSCOM).  This  file 
concentrated  on  engineering 
data  for  bonding  and  repair  of 
aircraft  structures.  It  was  a 
limited  file  but  provided  the 
foundation  for  a  more  all 
encanpassing  data  base.  The 
requirements  for  tough, 
lightweight,  high-performance 
structures  are  relying  on 
adhesive  bonding  as  the  means 
of  joining,  thus  a  need  was 
seen  for  a  more  comprehensive 
file  of  numerical  data  as  well 
as  pertinent  information 
connected  with  design, 
manufacture,  and  function. 

The  adhesives  data  base  was 
developed  in  a  joint  effort  of 
ARDEC 's  Adhesives  Section  and 
the  Plastics  Technical 
Evaluation  Center  (PLASTEC) , 
located  within  the  Armaments 
Technology  Division,  bringing 
together  the  technical 
expertise  in  adhesives  and  the 
developed  data  base  technology 
at  PLASTEC.  The  staff  of  the 
Adhesives  Section  is  the 
largest  and  most  ej^rienced 
group  of  scientists  and 
engineers  in  the  Department  of 
the  Army  whose  primary 
interests  and  work  are  devoted 
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to  the  science  of  adhesion 
and  engineering  with 
adhesives  for  bonding 
applications.  PLASTBC  on  the 
other  hand  is  an  Information 
Analysis  Center  (lAC)  and 
maintains  expertise  in 
plastics,  adhesives,  and 
organic-matrix  composite 
materials  and  has  developed  a 
number  of  numerical,  data 
bases  using  the  latest 
computer  technology. 

The  adhesive  data  base 
developed  in  FY87  represents 
the  initial  effort  toward  the 
goal  of  providing  data  for 
engineering  use.  The  program 
is  currently  being  used  in 
support  of  ARDBC  but  will  be 
optimized  in  FY88  and  will  be 
available  for  remote  access 
by  other  defense  personnel 
and  contractors  in  the  fourth 
quarter  of  Fy88.  It  is 
expected  that  use  by  the  many 
segments  of  government  and 
industry  will  foster  comments 
and  suggestions  to  make  it  an 
invaluable  user  oriented  data 
base. 

DATA  BASE  TECHNOLOGY 

The  evolution  of  the  mini  and 
the  micro-computer  over  the 
last  20  years  has  opened  a 
new  vista  in  the  field  of 
information  handling.  It  has 
enveloped  numerous  lives  even 
though  many  are  not  directly 
involved.  For  engineering 
materials  technology  much  is 
being  done.  Most  work  is 
independent  and  serves  a 
limited  need.  Initiatives  by 
organizations  such  as  the 
National  Bureau  of  Standards 
(NBS) ,  and  the  American 
Society  for  Testing  and 
Materials  (ASIM)  are  directed 
at  sharing  and 
standardization  of  data,  a 


task  that  is  certainly 
challenging. 

Some  of  the  concerns  given  to 
canputerized  data  center  around 
the  user,  the  computer  itself, 
and  the  data.  Computer 
programs  must  consider  the 
intended  users,  generally  those 
having  limited  familiarity  with 
the  program.  Programs  should 
require  user  friendly  access 
routines  to  allcw  usage  by  the 
broadest  possible  audience. 
Programs  vrfnich  are  difficult  to 
use  or  require  extensive 
training  result  in  disinterest. 
For  instance,  computer  aided 
design  routines  are 
sophisticated  and  their  use  is 
limited  to  those  few  skilled  in 
design  analysis  only.  The  use 
of  a  program  will  be  directly 
proportional  to  its  complexity. 
A  useful  program  should 
consider  user  interest  and 
needs  provided  as  input  to 
subsequent  program 
developments. 

Conputer  programs  may  be 
written  for  mini -computers  or 
for  the  ever  present  micro  or 
personal  computer.  The 
advantages  and  disadvantages 
vary  and  are  dependent  on  the 
available  hardware  and 
software,  storage  capacity,  and 
peripheral  equipment. 

Certainly,  the  capabilities  of 
a  mini-computer  are  more 
extensive  than  a  micro¬ 
computer,  but  are  not  easily 
accessible  since  they  require  a 
networking  feature  or  a  direct- 
dial  -modem  hookup.  A  program 
written  for  a  personal  computer 
has  the  immediacy  of  use,  yet 
the  program  may  not  have  the 
sophistication  of  the  mini¬ 
computer  and  the  data  may 
require  periodic  update. 

Developers  of  programs  for 
engineering  use  will  generate 
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data  formats  based  on  their 
individual  capabilities  and 
experiences .  Most  data 
provided  lacks  credibility, 
that  is,  it  is  not  supported 
by  documentation  or  does  not 
provide  test  method  details. 
In  essence,  most  program 
developers  direct  their 
activities  to  suit  their  own 
needs.  Engineering  property 
data  must  be  such  that  it 
services  a  broad  community 
and  is  provided  in  a 
standardized  format.  The 
establishment  of  a 
centralized  file  of  credible 
data  is  an  invaluable  tool  in 
engineering  applications 
developments . 

Neophytes  to  the  computer 
work  expect  total  capability; 
e.g.  they  expect  to  have  all 
conceivable  types  of 
information  to  answer  any 
question  at  will.  They  do 
not  recognize  the  complexity 
of  marrying  materials 
technology  with  computer 
technology  and  the  associated 
cost.  The  technologies  are 
available  but  an  all 
enconpassing  program  remains 
a  challenge. 

ADHESIVE  DATA  BASE 

The  adhesives  data  base 
represents  an  initial  effort 
in  meeting  the  AMC  Adhesive 
Bonding  Initiative.  The 
directions  have  been 
established  to  meet  the  basic 
goals  established  by  PLASTBC 
in  computer  technology.  The 
data  base,  although  developed 
for  the  Army,  will  be  useful 
by  the  other  services, 
government  organizations,  and 
their  contractors. 

The  adhesive  data  and 
information  has  been 
categorized  into  three  areas; 


properties,  lessons  learned, 
and  design/manufacturing.  Each 
area  has  been  developed  to 
provide  data  and  information  to 
support  military  bonding 
applications. 

The  data  base  is  a  menu  driven 
program  which  is  very  easy  to 
operate.  Access  within  ARDEC 
is  made  using  the  local  area 
network  (LAN) ,  however,  remote 
access  is  made  using  a  standard 
VTlOO  compatible  terminal  and 
modem,  dialing  through 
commercial  telephone  lines. 
Access  is  also  available 
through  the  military  telephone 
network.  A  section  of  data  or 
information  is  obtained  hy 
making  a  choice  available  at 
the  screen.  A  series  of 
responses  will  result  in  the 
information  desired.  Although 
the  program  is  self 
explanatory,  a  user  guide  is  to 
be  provided  to  describe  data 
access,  content,  and  sources. 

One  might  expect  that  the 
adhesive  data  base  is  a 
ccsrplete  encyclopedia  of 
information.  This  is  not  the 
case.  Although  the  potential 
is  there,  consider  it  as  an 
index  to  technical  information 
most  of  vhich  may  be  used 
directly  with  other  data 
requiring  further  review  and 
assessment.  The  data  base  is  a 
first  step  in  satisfying  user 
needs.  A  greater  exchange  of 
ideas  is  necessary  to  develop 
the  utmost  in  a  computerized 
program.  The  program 
developers  welcome  critique  and 
comment  to  optimize  the 
program. 

Behind  the  scenes  of  the 
adhesive  data  base  is  a 
sophisticated  data  base 
management  system  (DBMS) .  It 
has  an  automated  data  base 
builder  for  initializing  and 
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modifying  the  data  base  and  a 
versatile  information 
processor  (VIP)  program  vhich 
enables  the  creation  of  data 
entry  and  maintenance 
screens.  The  VIP  program  is 
also  used  in  the  generation 
of  sophisticated  user  access 
menus  vhich  enables  the  user 
to  query  the  data  base  and 
retrieve  data.  The  entire 
program  is  stored  in  one  of 
the  ARDBC  disks  and  accessed 
throu^  a  VAX  11/780 
computer. 

To  reiterate  the  adhesive 
data  base  has  been  segregated 
into  three  distinct  areas; 
adhesive  properly,  lessons 
learned,  and 

design/manufacture.  The  user 
may  easily  browse  through 
each  type  of  information  by 
returning  back  to  the  master 
menu.  Although  distinct 
areas,  all  are  to  a  degree 
interrelated.  The  property 
data  contains  all  the  basic 
materials  information  vhile 
the  lessons  learned  file  is  a 
materials  and  systems  or  end 
item  digest.  The 
design/manufacture  portion  is 
a  qualitative  approach  to 
adhesive  materials  selection 
and  utilization.  The 
specific  t/pe  of  data  and 
information  contained  in  each 
is  described  in  the  following 
paragraphs. 

ADHESIVE  PROPERTY  DATA 

The  main  focus  of  the  data 
base  is  the  basic  adhesive 
technology.  This  has  been 
included  in  the  menu 
selection  for  properties. 
Although  specific  engineering 
properties  are  of  greatest 
interest  the  data  base 
contains  several  blocks  of 
records  containing  supportive 
information.  These  will  be 


presented  in  the  menu  listing 
as  follows; 

.  Adhesives 
.  Adherends 
.  Surface 

Preparations 
.  Test  Methods 
.  Trade  Designations 
.  Documents 
.  Test  Data 

Each  subject  area  contains 
pertinent  data  and/or 
information  to  give  the  user  as 
much  information  at  the  screen 
as  practical.  Upon  selecting  a 
subject  area  the  user  will  be 
led  through  a  series  of  menus 
to  provide  the  respective 
information. 

"Adhesives”  selection  provides 
data  on  generic  adhesives  in 
broad  classifications  such  as 
epoxy,  acrylic,  etc.  A  listing 
of  materials  and  their  codes; 
e.g.,  EP  for  epojQ^,  and 
detailed  information  for  each 
can  be  obtained. 

"Adherends"  selection  provides 
for  a  list  of  adherends  and 
codes  contained  in  the  data 
base  with  appropriate  critical 
comments  related  to  their  use 
in  adhesive  bonding 
applications . 

"Surface  preparations"  provides 
a  list  of  the  types  and  codes 
contained  in  the  data  base  with 
appropriate  critical  comments 
related  to  their  use  in 
adhesive  bonding  applications. 

"Test  methods"  provides  a  list 
of  adhesive  related  methods 
used  in  the  evaluating  of 
materials.  A  list  of  codes  and 
a  description  of  each  is 
provided  as  a  reacfy  reference 
to  test  methodology. 

"Trade  designations"  are 
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provided  since  they  represent 
a  element  in  the 
identification  of  materials 
used  in  adhesive  bonding 
applications.  A  ready 
reference  to  their  source  and 
the  generic  form  are 
provided. 

"Documents"  represent  the 
source  of  all  data.  All 
engineering  test  data  must  be 
limited  to  a  credible 
document  for  inclusion  in  the 
data  base.  A  main  feature  of 
the  document  search  is  the 
keyword  index.  It  will 
enable  the  review  of  document 
listings  based  on  terms 
representing  the  interest  of 
the  user.  Each  document  has 
been  abstracted  and  contains 
all  pertinent  data  for 
subsequent  acquisition  if 
desired. 

"Test  data"  describing  the 
properties  of  adhesive 
systems  in  numerical  form  is 
the  main  thrust  of  the 
properties  data  base.  Test 
data  generated  frcxn  the  many 
material  evaluations  is 
reviewed,  assessed  for 
adequacy,  and  input  into  the 
data  base.  The  test  data 
includes  residual  lap  shear, 
roller  peel,  wedge,  climbing 
drum  peel,  creep,  fatigue, 
flexure,  wedge,  T-peel,  and 
stressed  durability. 

The  selection  process 
involves  the  input  of 
adhesive  and/or  adherend 
codes  for  data  retrieval. 
Codes  are  used  to  simpli:^ 
the  process  of  data 
selection.  When  the  input  is 
provided,  a  summary  or 
listing  of  the  available  data 
is  provided  from  v^ich  the 
user  selects  one  of  the 
listings  to  review  the 
technical  data  compiled. 


The  advantage  of  a  centralized 
data  base  is  that  all  available 
data  is  provided  such  that  the 
user  may  ccxnpare  materials, 
assuming  like  specimen 
preparation  fron  various 
investigators.  Or  the  data  may 
reflect  the  variation  in  test 
results  based  on  different 
parameters  employed. 

Test  data  provided  in  material 
evaluations  are  not  generally 
useful  in  design  applications 
since  they  are  based  on  coupon 
specimens.  However,  they  are 
extremely  valuable  since  they 
provide  the  first  and  most 
fundamental  technical 
information  for  engineering 
design.  The  data  will  provide 
substantial  insight  into  the 
performance  as  influenced  by 
both  process  variables  and 
environmental  influence, 
particularly  temperature  and 
humidity. 

To  reiterate,  this  is  a  first 
effort  at  a  comprehensive, 
engineering  oriented  data  base 
for  adhesives.  When  used  by 
command  wide  personnel  it  is 
hoped  that  their  needs  have 
been  served.  It  is  ejqsected 
that  constructive  comment  over 
the  next  two  years  will  result 
in  an  enhanced  program  of  great 
value  to  the  technical 
community. 

LESSORS  LEARNED  DATA 

One  of  the  most  valuable  forms 
of  information  is  the 
historical  data  or  experience 
factors  on  problems  otherwise 
known  as  "lessons  learned."  As 
the  name  implies,  we  hope  to 
learn  from  the  lessons  of  the 
past.  They  are  compiled  for 
one  specific  purpose,  i.e.,  not 
to  repeat  mistakes. 
Unfortunately,  many 
deficiencies  are  not  well 
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dcx;umented  since  they  would 
rather  be  forgotten  than 
remembered . 

Lessons  learned  are  compiled 
in  various  forms  throughout 
the  AMC.  The  most  notable  is 
the  Corrosion  Data  Base 
available  through  the 
Materials  Technology 
Laboratory  (MTL) ,  Watertown, 
MA,  in  v\^ich  adhesive 
deficiencies  reported  are  few 
in  number.  The  adhesives 
lessons  learned,  available 
frart  the  MTL  file  as  other 
command  sources,  are  being 
solicited  for  the  adhesive 
data  base.  Although  some 
duplication  will  result, 
there  is  an  advantage  to 
having  all  the  adhesive 
problems  within  one  file. 

Lessons  learned  for  adhesives 
center  on  the  failure  of  the 
adhesive,  the  adherend,  or 
the  joint  configuration. 
Failure  may  be  related  to 
improper  design/manufacturing 
practices  or  due  to  exposure 
to  unanticipated  end  use 
conditions.  The  data  base 
has  been  structured  to 
acquire  comprehensive  data 
related  to  the 

adhesive/adherend  system,  the 
surface  preparation, 
manufacturing  procedure,  the 
problem  encountered, 
corrective  action,  and  the 
product  details.  Basically 
the  lessons  learned  file  is 
directed  at  v^at  was  used, 
vAiat  happened,  and  what  was 
learned. 

To  queiY  the  lessons  learned 
file  the  master  menu 
selection  is  made.  The  next 
menu  will  direct  the  user 
into  two  directions:  one  is 
the  adhesive/adherend  system 
and  the  second  is  the 
hardware  orientation.  The 


menu  is  addressing  two  points: 
the  first  is  if  one  is 
contemplating  use  of  a 
generic/ specific  adhesive 
and/or  adherend,  vhat 
experience  is  available  on 
performance.  The  second  is 
obvious,  raising  the  question 
of  vdiat  problems  have  been 
experienced  with  aircraft, 
fuses,  missiles,  or  other  form 
of  materiel. 

The  selection  for  the 
adhesive/adherend  of  interest 
will  require  the  entry  of 
material  codes  or  the  area  of 
interest.  The  coding  is 
identical  to  that  provided  in 
the  selection  property  data. 
Keyword  search  capability  will 
also  be  included,  hopefully  to 
allow  access  using  a  broad 
range  of  words. 

A  key  aspect  of  the  lessons 
learned  file  is  the  acquisition 
of  adequately  documented 
records.  The  cooperation  of 
all  interested  parties  will 
assure  that  this  vital  type  of 
information  is  obtained. 

DESIGN/MANUFACTURE  DATA 

The  third  major  part  of  the 
adhesives  data  base  centers  on 
the  aspects  of  designing  with 
adhesives  to  include  the 
associated  manufacturing 
aspects  so  critical  to 
performance.  The  approach 
taken  in  this  initial  effort  is 
qualitative,  in  that  the 
parameters  pertinent  to  design 
and  manufacture  are  enumerated. 
No  attempt  has  been  made  to 
enter  the  world  of  computer 
aided  design/computer  aided 
manufacture  (CAD/CAM) ,  a  highly 
sophisticated  arena  vhich 
employs  expensive  equipment 
with  three  dimensional  graphics 
capability,  design  analysis 
routines,  and  highly  skilled 
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personnel.  If  only  the  basic 
parameters  of 
design/manufacture  are 
included  in  the  adhesives 
data  base  in  a  user  friendly 
manner,  the  effective  use  of 
adhesives  will  be  enhanced. 

The  factors  to  be  considered 
in  designing  with  adhesives 
include;  joint  geometry  and 
design,  materials  selection, 
siarface  treatment, 
compatibility  issues,  lose  of 
primers,  cure  conditions, 
environmental  and  durability 
requirements,  and  validation 
of  design  and  process 
requirements.  The  data  base 
will  contain  a  digest  of  all 
these  factors  to  assist  the 
designer  in  assuring  that 
proper  consideration  has  been 
given  for  effective  lase. 

Manufacturing  parameters  to 
be  provided  deal  with  the 
productior)  process  and 
include  manufacturing 
facilities  and  equipment, 
processing  conditions, 
process  controls,  quality 
control  and  testing.  Again 
each  area  will  contain  a 
digest  to  assure  the  proper 
use  of  materials  and 
equipment. 

To  dDtain  the  stored 
information,  a  selection  is 
made  from  the  master  menu, 
the  next  menu  that  appears 
will  lead  the  user  step  by 
step  through  a  series  of 
submenus,  each  providing  more 
detailed  information  as 
required.  The  program  will 
provide  the  user  with  a 
digest  of  all  parameters 
describing  what  they  are,  how 
they  are  used,  precautions  to 
be  given,  and  a  critical 
review.  Also  to  be  included 
in  each  digest  is  reference 
to  design  guides,  technical 


publications,  and  references 
containing  further  guidance. 

What  has  not  been  included  in 
this  current  effort  is  a 
logical  procedure  vhere  a 
specific  adhesive  system  is 
selected  for  an  application. 
Such  a  program  requires  more 
extensive  assessment  and 
development.  It  is  planned  to 
address  this  issue  in  the  next 
fiscal  year.  Computer 
capability  exists  to  develop 
this  procedure  and  it  will 
focus  on  the  use  of  an  "expert 
system".  This  term  is  in  vogue 
today  and  is  a  branch  of 
artificial  intelligence  that 
answers  questions  in  a  specific 
manner  to  provide  advice  at  a 
level  surpassing  that  of  a 
human  expert  in  that  field. 
Expert  ^sterns  can  combine  the 
expertise  of  several  experts 
and  can  be  continuously 
modified  and  expanded. 

FUTURE  DIRECTIONS 

Current  plans  are  to  make  the 
data  base  available  for  remote 
use  in  the  fourth-quarter  FY88. 
The  data  base  will  have 
sufficient  information  to  make 
it  credible  and  enable  the  user 
to  query  the  information  at 
will. 

The  question  now  remains,  vhere 
do  we  go  fron  here?  Efforts 
should  be  directed  at  the 
concerns  established  earlier; 
i.e.,  the  user,  the  computer, 
and  the  data.  Certainly,  as 
the  developers,  limitations  in 
adhesive  technology  will  be 
identified,  but  only  from  our 
perspective.  But  viiat  about 
other  oommand  needs  and 
interests?  Once  available, 
developer-user  dialogue  is 
essential . 

The  availability  of  the  data 
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base  for  use  will  result  in 
that  necessary  critique  of 
the  autonated  mode  of  access. 
Do  user  friendly  screens 
enable  easy  and  rapid  access 
to  data?  A  dialogue  with 
users  is  essential  to  deliver 
the  best  product. 

What  type  of  improvements 
could  be  made?  Perhaps  the 
presentation  at  the  screen  in 
a  different  format  or  the 
capability  to  present 
graphical  presentations  of 
numerical  data .  Improvements 
of  this  type  will  be  the  base 
of  user  needs. 

Now  that  we  have  a 
centralized  data  base  vhich 
requires  telephonic 
communications  for  access, 
what  about  those  who  do  not 
have  the  capability?  Do  we 
exclude  them  from  oior  user 
list?  The  answer  of  course 
is  no.  Can  the  mainframe 
orientation  be  adapted  to  the 
PC?  The  answer  is  Yes! 
However,  by  doing  so,  the 
sophisticated  capability  of 
the  mini-computer  and  its 
sophisitcated  DBMS  is  lost. 
Although  capability  is  lost, 
it  is  apparent  that 
downloading  to  the  PC 
environment  is  almost  a 
necessity.  Although  computer 
technology  is  available,  v^t 
and  how  remains  the  tasks  to 
consider. 

Although  consideration  has 
been  given  to  those  users 
with  PC's,  vihat  about  those 
without  any  equipment?  There 
remains  the  next  avenue  and 
that  is  hard  copy.  The 
capability  exists  to  download 
data  into  report  format  for 
ready  reference.  Although 
both  the  PC-diskette  or  the 
hard-copy  route  suffer  from 
being  outdated,  they  are 


forms  of  the  data  base  vdiich 
will  maximize  data  base  use. 

What  about  integration  with 
CAD-CAM  systems?  This  is 
certainly  feasible  but  it  is 
complicated  by  hardware- 
software  interface.  This 
remains  a  future  task  of  a 
long-term  nature. 

The  most  important  part  of  the 
data  base  is  the  data  itself. 
What  has  to  be  assured  is  that 
vhat  property  data  or 
information  reported  is  of  such 
quality  that  it  is  acceptable 
for  general  use.  Does  all 
reported  data  follow  ASTM 
formats?  Do  all  the  data 
generators  provide  sufficient 
details?  Is  the  data  reported 
sufficient  to  meet  user  needs? 
These  questions  need  be 
addressed  to  assure  the  maximum 
utilization  of  resources;  both 
in  data  generation  and  in 
computerization . 

Another  aspect  of  high  interest 
for  the  future  is  the 
electronic  reporting  of  data 
for  canputerization.  How 
standardization  is  to  be 
achieved  requires  coordination 
between  the  government, 
industry,  and  the  technical 
societies.  To  reiterate,  the 
data  base  developed  represents 
an  initial  effort  in  digesting 
adhesive  technology  for  the 
military.  In  the  months  and 
years  to  cane,  it  is  hoped  that 
our  accomplishments  will 
greatly  aid  the  cormunity  at 
large;  a  goal  that  can  only  be 
achieved  ty  the  cooperation  of 
all  responsible  and  interested 
organizations. 
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DEVELOPMENT  OF  AN  ALTERNATE  ADHESIVE 


SYSTEM  FOR  A  TACTICAL 
MISSILE  RADOME  JOINT 
by 

Donald  Paterson  and  Duncan  Boyce 
Raytheon  Company,  Bedford,  MA 

Summary 


The  Patriot  Missile  Radome  base  joint 
is  comprised  of  a  Slip-Cast  Fused  Silica  ce¬ 
ramic  bonded  to  a  Kevlar/epoxy  composite 
thread  ring.  The  current  production  adhe¬ 
sive  used  to  bond  the  joint  is  Hysol  EA- 
934.  This  adhesive  contains  an  aluminum 
and  asbestos  filler  in  order  to  meet  certain 
physical  and  thermal  properties.  In  Decem¬ 
ber  1986  Hysol  discontinued  the  manufac¬ 
ture  of  EA-934  because  of  the  hazards  of  as¬ 
bestos.  A  program  to  select  and  qualify  an 
alternate  adhesive  system  commenced  in 
March  1986.  The  alternate  adhesive  system 
which  consists  of  Dow  Coming  XI -6 132  Si¬ 
lane  primer  for  the  ceramic  and  Magnolia 
Plastics  Inc.  Magnobond  6388-3  adhesive 
successfully  completed  the  Qualification 
test  program  in  January  1987. 

The  engineering  program  implemented 
to  select  and  qualify  the  alternate  adhesive 
system  started  in  March  1986  and  was  com¬ 
pleted  in  January  1987.  The  first  four 
months  of  the  program  were  dedicated  to 


the  identification  of  candidate  adhesives, 
the  screening  of  compatible  and  durable 
primer/adhesive  systems,  and  the  develop¬ 
ment  of  a  bonding  process  which  utilized 
the  existing  manufacturing  facilities,  tool¬ 
ing,  and  procedures  with  minimum  impact. 

The  complexity  of  the  radome  joint 
configuration  and  the  adherend  material  re¬ 
quired  that  an  adhesive  substitution  alone 
was  not  sufficient.  In  order  to  insure  a 
structurally  adequate  bond  joint  with  good 
durability  in  the  presence  of  storage  humid¬ 
ity,  a  ceramic  primer  material  selection  and 
process  development  was  also  necessary. 
Comparative  evaluation  of  epoxy  primers, 
silane  coupling  agents,  and  numerous  high 
strength  adhesives  was  performed  leading 
to  two  primary  candidate  systems. 

The  final  selection  of  the  alternate  ad¬ 
hesive  system  for  the  two  primary  candi¬ 
date  systems  was  made  by  testing  full  scale 
radomes  under  identical  conditions.  This 
engineering  test  program  consisted  of  sub¬ 
jecting  six  radomes  of  each  bond  system  to 
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the  worst  case  environmental  conditions  re¬ 
quired  for  qualification  and  comparing  the 
ultimate  strength,  failure  mechanisms  and 
resistance  to  humidity. 

The  Magnolia  6388-3  adhesive  and 
Dow  Coming  XI -6 132  silane  coupling 
agent  bond  system  was  superior  under  all 
test  conditions  than  was  the  follow  up  sys¬ 
tem  comprised  of  Magnolia  6388-3  adhe¬ 
sive  and  American  Cyanamid  HT-424  ep¬ 
oxy  primer. 

Baseline  Design  Description 

The  baseline  radome  design  consists  of 
a  slip-cast  fused  silica  tangent  ogive  radome 
bonded  to  a  filament  wound  Kevlar/epoxy 
composite  thread  ring.  The  ceramic  billet  is 
cast  and  rough  ground  by  Brunswick  Corp., 
Raytheon  finish  grinds  the  inside  diameter 
to  a  conical  bond  surface  at  the  base,  a  tan¬ 
gent  ogive  constant  forward  wall  thickness, 
and  special  tip  configuration. 

The  Kevlar/epoxy  ring  is  filament 
wound  by  Hercules  on  a  two  unit  mandrel. 
The  winding  is  cured  on  the  mandrel  to  the 
finish  inside  diameter  dimensions  including 
the  buttress  thread  which  attaches  the  ra¬ 
dome  to  the  missile  airframe  bulkhead.  The 
outside  diameter  is  machined  to  finish  di¬ 
mension  on  a  templet  controlled  lathe.  The 
forward  portion  outside  diameter  of  the 


thread  ring  is  conical  to  provide  a  matching 
bond  surface  with  the  radome  ceramic. 

The  bondline  is  tapered  at  a  scarf  angle 
of  10°  to  minimize  stress  concentrations  at 
the  edges  of  the  joint.  The  ceramic  is  spray 
primed  with  American  Cyanamid  HT-424 
to  a  maximum  thickness  of  two  mils  (.002 
in.)  and  cured  at  350°F  for  72  hours  prior 
to  bonding  to  the  ceramic  billet.  The  bond 
surface  of  the  thread  ring  is  grit  blasted 
with  a  180  grit  aluminum  oxide  abrading 
media  to  remove  any  glossy  resin  rich  sur¬ 
face  area.  These  areas  result  from  machin¬ 
ing  the  shallow  scarf  angle  across  the  longi¬ 
tudinal  laminates  of  the  composite 
construction. 

The  Hysol  EA-934  adhesive  is  applied 
to  both  surfaces  and  the  joint  is  mated 
within  40  minutes  of  mixing  the  adhesive. 
A  room  temperature  cure  of  the  bond  joint 
is  required  for  five  days  minimum  prior  to 
final  grinding  of  the  outside  diameter  of  the 
ceramic.  The  alignment  of  the  ceramic 
billet  and  thread  ring  during  the  first  six¬ 
teen  hours  of  curing  is  accomplished  with  a 
specialized  bonding  fixture  which  supports 
the  billet  on  two  inside  spring  loaded  disks 
concentric  with  a  male  thread  which  sup¬ 
ports  the  thread  ring.  The  fixture  is  de¬ 
signed  to  produce  a  controlled  and  repeat- 
able  bondline  thickness  radome  to  radome. 
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After  removal  of  the  radome  the  bond¬ 
ing  fixture,  excess  adhesive  is  trimmed 
from  the  leading  edge  of  the  thread  ring-to- 
billet  interface  and  a  smooth  tapered  adhe¬ 
sive  fillet  formed  on  the  ceramic. 

Figure  1  illustrates  the  physical  charac¬ 
teristics  of  the  baseline  radome  design. 

The  forward  end  of  the  radome  is  ma¬ 
chined  to  accommodate  a  metal  protective 
tip. 

Radome  Design  Requirements 

There  are  four  major  requirements  for 
the  radome  design  which  include  the  di¬ 


mensional  configuration,  the  functional 
performance,  the  environmental  tolerance, 
and  the  producibility. 

The  dimensional  configuration  as  de¬ 
scribed  in  Figure  1  is  dictated  by  the  mis¬ 
sile  system  requirements  for  airframe  size, 
shape,  and  mechanical  interface.  The  mis¬ 
sile  is  radar  guided  and  flies  supersonic  tra¬ 
jectories  with  large  maneuvering  accelera¬ 
tion  capability.  Therefore,  the  radome 
functional  performance  entails  electromag¬ 
netic  compatibility  with  the  missile  seeker, 
thermo-structural  and  aerodynamic  com¬ 
patibility  with  the  missile  airframe.  The 


Metal  Tip 


Ceramic  Billet 


View  A 


Thread 

Ring 


Figure  1  -  Radome  Physical  Configuration 
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materials  selected  for  the  baseline  design 
were  dictated  by  these  functional  require¬ 
ments. 

The  critical  environmental  conditions 
that  the  radome  must  be  tolerant  of  are 
one,  high  temperatures  and  thermal  gradi¬ 
ents  due  to  aerodynamic  heating,  two,  sur¬ 
face  erosions  due  to  supersonic  flight  in 
rain  fields,  and  three,  stable  dielectric  and 
bond  strength  in  the  presence  of  long  term 
storage  at  field  deployment  temperature 
and  humidity. 

The  engineering  design  and  develop¬ 
ment  of  the  radome  considered  all  of  these 
requirements  in  the  selection  of  materials, 
design  configuration,  processing  of  radome 
components,  and  adhesive  bond  system. 
Slip-cast,  fused  silica  was  selected  as  the  ra¬ 
dome  billet  material.  The  fundamental  rea¬ 
sons  were  stable  dielectric  constant  over 
wide  temperature  range  and  high  thermal 
shock  resistance  due  to  very  low  thermal 
coefficient  of  expansion.  Slip-cast  fused  sili¬ 
ca  is  a  porous  material  with  exceptionally 
low  tensile  strength.  Since  porous  materials 
absorb  moisture  and  variable  moisture  con¬ 
tent  results  in  undesirable  dielectric  con¬ 
stant  variation,  the  billet  ceramic  required 
sealing  by  impregnation  with  a  silicone 
compound.  The  low  tensile  strength  of  the 
ceramic  dictated  thermal  expansion  and 


stiffness  compatibility  with  the  thread  ring 
requiring  Kevlar/epoxy  composite.  Kevlar 
was  the  only  fiber  available  for  tailoring  the 
thermal  and  mechanical  properties  of  the 
ring  because  the  ring  had  to  be  non  conduc¬ 
tive  in  order  to  permit  electromagnetic 
transmission. 

In  addition,  the  low  tensile  strength  of 
the  ceramic  requires  that  the  bond  joint 
configuration  be  optimized  for  load  transfer 
and  minimum  stress  concentration  factor. 
This  is  classically  accomplished  by  the  use 
of  a  scarf  joint  as  indicated  in  the  radome 
base  configuration.  However,  a  scarf  angle 
at  the  base  of  the  billet  reduces  the  ceramic 
thickness  at  the  base  of  the  radome  and  in¬ 
creases  the  bondline  temperature  of  the  ad¬ 
hesive  during  flight  at  the  point  of  maxi¬ 
mum  peel  stress.  The  high  temperature 
strength  of  the  adhesive  can  be  increased  by 
curing  at  elevated  temperature  but  this  is 
not  an  acceptable  procedure  for  this  ra¬ 
dome  design  because  the  low  temperature 
residual  stress  in  the  ceramic  becomes  criti¬ 
cal  when  superimposed  on  radome  shrink¬ 
age  which  further  aggravates  the  apparent 
strength  of  the  radome  at  low  temperature. 

The  baseline  radome  structural  capabil¬ 
ity  is  determined  by  each  of  the  three  joint 
components  depending  on  the  temperature 
regime  under  which  mechanical  shear  and 
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bending  loads  are  applied  to  the  base  joint. 
The  failure  modes  are  one,  tensile  failure  of 
the  ceramic  at  low  temperature,  two,  inter¬ 
laminar  shear  failure  of  the  thread  ring  at 
room  temperature,  and  bondline  shear  fail¬ 
ure  at  elevated  temperature.  Each  of  these 
failure  modes  exhibit  broad  statistical  vari¬ 
ations  which  result  in  strength  overlap  at 
intermediate  temperature.  The  thermo- 
structural  design  of  the  baseline  radome  is 
well  balanced  with  respect  to  the  strength  of 
each  component  of  the  bond  joint.  This  is 


indicated  in  Figure  2.  Therefore,  the  pro¬ 
gram  to  select  and  qualify  a  new  adhesive 
had  to  insure  that  the  interaction  between 
the  bond  joint  adherents  and  the  alternate 
adhesive  system  would  not  upset  this  bal¬ 
ance  within  the  radome  structure. 

Alternate  Bond  System  Requirements 

The  alternate  bond  system  require¬ 
ments  are  dictated  by  the  uniqueness  of  the 
radome  joint  design,  adherend  materials 
and  operational  structural  requirements. 
The  alternate  adhesive  system  had  to  have 
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Figure  2  -  Schematic  Of  Joint  Failure  Modes 
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properties  comparable  to  the  existing  adhe¬ 
sive  system  in  order  to  satisfy  all  the  me¬ 
chanical,  electrical,  and  manufacturing  re¬ 
quirements  of  the  radome  assembly.  In 
order  to  meet  the  requirements  of  the  ra¬ 
dome  assembly  the  following  material  prop¬ 
erties  are  necessary  in  the  bond  system. 

1.  The  adhesive  must  cure  at  room 
temperature. 

2.  Adhesive  strength  as  measured  by 
lap  shear  specimens  must  be  equal 
to  or  greater  than  Hysol  EA-934 
adhesive  when  tested  at  tempera¬ 
ture  up  to  450°F. 

3.  The  shear  modulus  of  the  adhe¬ 
sive  must  be  comparable  to  Hysol 
EA-934. 

4.  The  adhesive  cure  shrinkage  and 
coefficient  of  thermal  expansion 
must  be  comparable  to  EA-934. 

5.  The  pot  life  of  the  adhesive  after 
mixing  must  be  at  least  on  hour. 

6.  The  adhesive  A  and  B  compo¬ 
nents  must  have  reasonable  shelf 
life  without  deterioration. 

7.  The  mixed  adhesive  must  be  thix¬ 
otropic  to  permit  application  to 
the  radome  joint  adherends  with¬ 
out  excessive  running  or  sag. 

8.  The  adhesive  and  primer  must  be 
compatible  with  each  other  as  well 
as  the  adherends. 


Many  other  requirements  exist  which 
are  necessary  so  that  the  alternate  adhesive 
system  will  be  useable  in  the  existing  ra¬ 
dome  production  facility  with  a  similar 
bonding  process  to  the  existing  process. 
These  requirements  were  provided  to  many 
manufacturers  as  preliminary  requirements. 

Initial  Screening  Tests 

It  was  clear  at  the  onset  that  the  selec¬ 
tion  of  an  adhesive  that  would  satisfy  all 
the  requirements  would  not  be  a  trivial 
task.  It  was  anticipated  that  many  potential 
materials  would  have  to  be  evaluated  in  or¬ 
der  to  identify  a  suitable  substitution  adhe¬ 
sive.  Practical  time  limitations  required 
that  a  preliminary  screening  process  be  de¬ 
fined  in  order  to  reduce  the  candidate  ma¬ 
terials  to  a  manageable  number  in  the  shor¬ 
test  possible  time.  This  was  confirmed  after 
direct  or  indirect  contact  of  fifteen  adhesive 
manufacturers  and  ten  aerospace  structural 
adhesive  users  leading  to  thirty-six  adhesive 
samples  being  provided  to  Raytheon  for 
evaluation.  A  list  of  the  Adhesive  and  Man¬ 
ufacturers  is  given  in  Table  1. 

A  preliminary  screening  program  was 
defined  which  measured  three  critical  adhe¬ 
sive  properties  and  evaluated  and  com¬ 
pared  the  results  against  the  requirements. 
These  properties  included  the  double  lap 
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TABLE  1  -  CANDIDATE  ADHESIVES 
AND  MANUFACTURERS 


No. 

Adhesive 

Part  No. 

Manufacturer 

1 

6388-3 

Magnolia 

2 

EA934 

Hysol 

3 

EA934NA 

Hysol 

4 

EA9321 

Hysol 

5 

LRlOO-713 

Hysol 

6 

LRlOO-713.3 

(XEA9381) 

Hysol 

7 

LR 100-809 

Hysol 

8 

LR 100-8 10 

Hysol 

9 

LRlOO-819.0 

Hysol 

10 

LRl  00-8 19.1 

Hysol 

11 

LRl  00-8 19.2 

Hysol 

12 

LRl  00-820.0 

Hysol 

13 

LRl  00-820.1 

Hysol 

14 

LRlOO-820.2 

Hysol 

15 

LRl  00-82 1.0 

Hysol 

16 

LRl  00-82 1.1 

Hysol 

17 

LRlOO-821.2 

Hysol 

18 

EP35 

Master  Bond 

19 

EP35P 

Master  Bond 

20 

EP35R 

Master  Bond 

21 

FEr614 

H.B.  Fuller 

22 

FE004 

H.B.  Fuller 

23 

FE6026 

H.B.  Fuller 

24 

FE0037 

H.B.  Fuller 

25 

1543 

Furane 

26 

88842 

Furane 

27 

2800 

Crest 

28 

2154 

Crest 

29 

4086 

Crest 

30 

FR7010 

Fiber  Resin 

31 

1XB3578 

3M 

32 

A661 

Armstrong 

33 

A38 

Amicon 

34 

BR95 

American 

(3  mixes) 

Cyanamid 

shear  strength  of  the  adhesive  at  room  tem¬ 
perature,  350°F  and  440°F,  the  pot  life  of 
the  adhesive  as  mixed  in  the  existing  pro¬ 
duction  process,  and  the  thixotropy  of  the 
adhesive  as  qualitatively  measured  on  an 
75°  incline. 


The  double  lap  shear  tests  were  per¬ 
formed  at  room  temperature,  350°F  and 
440°F.  Adherends  used  for  these  tests  were 
phosphoric  acid  anodized  aluminum  coated 
with  corrosion  inhibiting  primer  American 
Cyanamid  BR-127  per  ASTM  D  3933.  The 
specimen  configuration  for  all  preliminary 
screening  tests  at  temperature  were  double 
lap  shear.  This  type  of  specimen  minimized 
the  amount  of  bending  in  the  sample  during 
testing  and  was  an  efficient  and  simple 
sample  to  make.  The  results  of  preliminary 
screening  for  lap  shear  strength  are  shown 
in  Table  2. 

Initial  tests  for  establishing  the  sag/flow 
resistance  of  the  adhesive  were  conducted 
quite  simplistically  yet  very  effectively.  A 
controlled  amount  of  adhesive  was  mixed, 
a  ten-gram  sample  was  removed  and  ap¬ 
plied  to  an  aluminum  plate  which  was 
mounted  at  a  75°  angle  to  the  horizontal.  A 
criteria  of  a  total  sag/flow  of  four  inches 
maximum  was  established  as  acceptable. 
The  results  of  these  tests  are  shown  in  Ta¬ 
ble  3.  Fourteen  adhesive  were  eliminated 
for  failing  the  sag/flow  tests.  This  require¬ 
ment  was  fundamental  to  the  ability  to  ap¬ 
ply  the  adhesive  to  the  Kevlar/epoxy  thread 
ring  and  radome  billet  conical  surface  dur¬ 
ing  the  bonding  operation  without  excessive 
sag  or  flow. 
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TABLE  2  -  DOUBLE  LAP  SHEAR  STRENGTH  (AVERAGE  OF  SIX  COUPONS) 


Shear  Strength  (PSI)/Std.  Deviation 

Test 

Temperature  I 

Adhesive  Part  No. 

75°F 

350°F 

440°F 

1.  Magnolia  6388-3 

2889/127 

1484/119 

599/34 

2.  Hysol  EA  934 

3626/97 

714/77 

523/52 

3.  Hysol  EA  934  NA 

3648/62 

715/27 

449/31 

4.  Hysol  LR 100-7 13 

3877/136 

527/57 

430/36 

5.  Hysol  XEA  9381 

3187/147 

1028/121 

601/83 

6.  Hysol  LR  100-809 

4031/63 

562/40 

649/28 

7.  Hysol  LR  100-8 10 

3630/236 

560/33 

351/22 

8.  Hysol  LRlOO-819.0 

3551/273 

975/35 

621/20 

9.  Hysol  LRlOO-819.1 

3401/157 

503/100 

606/95 

10.  Hysol  LRlOO-819.2 

3524/175 

1404/105 

676/33 

11.  Hysol  LR  100-820.0 

3550/379 

827/46 

570/50 

12.  Hysol  LR  100-820.1 

3992/105 

418/110 

385/31 

13.  Hysol  LRlOO-820.2 

2944/443 

699/79 

422/25 

14.  Hysol  LRlOO-821.0 

2824/321 

745/27 

644/35 

15.  Hysol  LR  100-82 1.1 

3507/271 

1007/31 

731/40 

16.  Hysol  LRlOO-821.2 

1651/134 

516/134 

417/17 

17.  Masterbond  EP  35P 

~ 

411/26 

— 

18.  Masterbond  EP  35R 

~ 

384/5 

~ 

19.  Fuller  FE  0037 

3314/64 

259/12 

226/24 

20.  Fuller  FE  6026 

2703/393 

421/38 

344/36 

21.  Am.  Cyanamid  BR-95(3/l) 

3538/69 

719/36 

22.  Am.  Cyanamid  BR-95(6/l) 

2516/137 

510/45 

452/53 

23.  Am.  Cyanamid  BR-95(10/1) 

1692/165 

385/29 

473/47 

24.  Crest  2800 

3179/616 

251/54 

112/5 

25.  Crest  2154 

3931/17 

140/32 

92/9 

26.  Furane  Epibond  1543 

2517/105 

592/41 

479/36 

27.  Armstrong  A661 

3029/699 

258/35 

286/14 

28.  Amicon  A38 

1348/176 

512/41 

374/71 

29.  Fiber  Resin  FR  7010 

1617/112 

804/23 

644/59 

30.  Furane  88842 

- 

743/46 

“ 

reflect  exceedingly  well  the  pot  life  results 
subsequently  obtained  by  more  sophisticat¬ 
ed  engineering  methods.  Three  adhesives 
were  eliminated  because  their  pot  life  was 
too  short  and  did  not  meet  the  required 
criteria.  These  are  indicated  in  Table  3. 

Based  on  the  initial  screening  tests  a 
major  down  selection  was  possible  in  an  ef¬ 
fective  and  efficient  test  program.  As  indi¬ 
cated  fourteen  adhesives  did  not  pass  sag/ 
flow  tests  and  were  eliminated.  Three  adhe- 


Initial  screening  pot  life  testing  was  a 
purely  subjective  test.  More  sophisticated, 
accepted  standard  engineering  tests  would 
eventually  be  used  for  Quality  Control  pro¬ 
cedures.  Expensive  testing  of  these  prelimi¬ 
nary  candidate  adhesive  was  unreasonable 
at  the  time  since  a  great  deal  of  insight  into 
pot  life  could  be  obtained  by  merely  mixing 
50  grams  of  adhesive  and  periodically 
checking  its  flow  in  the  container.  It  is 
quite  interesting  to  note  that  these  results 
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TABLE  3  -  SAG/FLOW  TEST  RESULTS 


Pass 


Adhesive 
Part  No. 


6388-3 
(XEA9381) 
LRlOO-809 
LR 100-8 10 
LRlOO-819.0 
LRl  00-8 19.1 
LR  100-8 19.2 
LRl  00-820.0 
LRl  00-820.1 
LRlOO-820.2 
LRl  00-82 1.0 
LRl  00-82 1.1 
LRlOO-821.2 
BR95  6/1 

BR95  10/1 

2800 

FE6026 

88842 

EP35R 

FR7010 


Manufacturer 


Magnolia 

Hysol 

Hysol 

Hysol 

Hysol 

Hysol 

Hysol 

Hysol 

Hysol 

Hysol 

Hysol 

Hysol 

Hysol 

American 

Cyanamid 

American 

Cyanamid 

Crest 

H.B.  Fuller 
Furane 
MasterBond 
Fiber  Resin 


Fail 


Adhesive 

Part  No.  Manufacturer 


1  EA934NA 

2  EA9321 

3  LRlOO-713 

4  BR95  3/1 

5  2154 

6*  4086 

7*  EP35 

8  EP35P 
91  FE7614 

10  FE004 

11  FE0037 

12  A661 

13*  A38 

14  1XB3578 


Hysol 

American 

Cyanamid 

Crest 

Crest 

Master  Bond 
Master  Bond 
H.B.  Fuller 
H.B.  Fuller 
H.B.  Fuller 
Armstrong 
Amicon 
3M 


*Failed  Pot  Life 


sives  were  eliminated  for  failing  to  pass  the 
pot  life  tests.  The  results  of  lap  shear  testing 
indicated  that  only  seven  of  the  adhesives 
met  the  requirements  of  the  lap  shear  tests, 
while  still  meeting  the  other  requirements. 
A  summary  of  lap  shear  results  for  those 


adhesives  is  listed  in  Table  4. 


From  Table  4,  the  only  candidate  adhe¬ 
sive  in  full  scale  production  was  Magno- 
bond  6388-3.  The  Hysol  materials,  while 
possessing  exceptional  strength,  only  one 
was  in  pilot-plant  production,  XEA9381, 


It  was  considered  that  the  risks  associ¬ 
ated  with  using  an  experimental  adhesive 
were  too  great.  Therefore,  a  decision  was 
made  to  cease  further  investigation  of  the 
five  experimental  adhesives  from  Hysol  and 
direct  all  efforts  of  secondary  screening  to 
studying  Magnobond  6388-3  and  Hysol 
XEA-9381.  The  latter  adhesive  was  in  pilot 
plant  production  while  Magnobond  adhe¬ 
sive  had  been  in  production  for  three  years. 


Primer/Adhesive  Compatibility 


The  current  bond  surface  of  the  ceram- 


and  the  others  were  experimental. 


ic  radome  is  primed  with  American  Cya- 
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TABLE  4  -  SUMMARY  OF  PRIME  CANDIDATES 
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namid  HT-424  epoxy  which  is  applied  in  a 
spraying  operation  and  cured  at  elevated 
temperature.  The  cured  primer  is  lightly 
sanded,  prior  to  bonding  the  radome  to  the 
thread  ring,  in  order  to  improve  the  adhe¬ 
sive  interface.  This  surface  has  been  the 
failure  site  for  high  temperature  radome 
tests  in  the  past.  In  addition,  under  severe 
temperature  and  humidity  conditions  there 
was  evidence  that  the  primer  to  ceramic  in¬ 
terface  degraded  reducing  the  bond 
strength.  Therefore,  primer/adhesive  com¬ 
patibility  was  an  important  consideration 
in  the  alternate  adhesive  system  selection 
process.  The  evaluation  of  primer/adhesive 
compatibility  involved  the  testing  of  19  ep¬ 
oxy  primer/adhesive  combinations  and  18 
silane  primer/adhesive  combinations.  There 
were  four  different  test  specimens  used  to 
evaluate  primer/adhesive  compatibiity 
which  are  shown  in  Figure  3.  These  consist 
of  peel  test  (P),  wedge  test(W)  quad-lap  test 
(Q),  and  ceramic/ceramic  peel  test  (T)  con¬ 
figurations.  The  test  specimens  were  bond¬ 
ed  with  the  primer  adhesive  combination 
shown  in  Figure  4.  Over  250  test  specimens 
were  fabricated  and  tested  during  the  com¬ 
patibility  evaluation.  The  approach  to  as¬ 
sessing  primer/adhesive  compatibility  re¬ 
quired  testing  after  coupons  had  been 
subjected  to  an  accelerated  aging  environ¬ 


ment.  Each  specimen  was  conditioned,  pri¬ 
or  to  testing  for  its  mode  of  failure,  by  ei¬ 
ther  boiling  in  water  for  24  hours  or  pres¬ 
sure  cooking  at  250°F  for  24  or  48  hours. 
The  results  of  the  primer/adhesive  compati¬ 
bility  evaluation  demonstrated  that  all  si¬ 
lane  coupling  agents  are  more  durable  than 
the  epoxy  primers  and  that  the  current  HT- 
424  primer  is  equal  or  better  than  all  other 
epoxy  primers. 

Screening  Peel  Test 

The  large  number  of  primer/adhesive 
combinations  made  it  necessary  to  devise  a 
coupon  that  was  relatively  easy  to  fabricate, 
condition,  and  test.  The  screening  peel  cou¬ 
pon  consisted  of  a  ceramic  block  primed 
and  bonded  with  the  candidate  primer/ 
adhesive  combination  to  a  Kevlar/epoxy 
strip.  After  the  adhesive  had  cured,  cou¬ 
pons  were  subjected  to  one  of  the  following: 

1.  24  hours  in  boiling  water. 

2.  24  hours  in  a  250°F  (15  psig)  pres¬ 
sure  cooker. 

3.  48  hours  in  a  250°F  (15  psig)  pres¬ 
sure  cooker. 

The  test  results  indicated  that  the  silane 
primers  provided  greater  resistance  to  the 
aging  environments  than  the  epoxy  primers. 
The  epoxy  primed  coupons  all  failed  at  the 
primer-to-ceramic  interface. 
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Kevlar 


Kevlar 


Wedge  Test 


Ceramic/Ceramic 


Figure  3  -  Adhesive /Primer  Compatibility  Test  Coupons 


Quadlap  Shear  Test 

The  results  of  the  screening  peel  test  led 
to  using  both  the  quadlap  shear  coupon  and 
the  wedge  coupon.  The  quadlap  coupon 
would  demonstrate  the  resistance  of  the 
candidate  primer/adhesive  system  to  shear 
loading  and  the  wedge  coupon  would  evalu¬ 
ate  the  resistance  to  peel  loading.  Both  of 
these  loading  types  are  present  in  the  ra- 
dome  bondline  and  both  contribute  to  its 
failure.  The  quadlap  coupon  consists  of  4 
Kevlar/epoxy  strips  each  separately  bonded 
to  the  strips.  As  shown  in  Figure  4,  the 
quadlaps  were  bonded  using  a  significantly 
reduced  number  of  primer/adhesive  combi¬ 
nations.  Essentially  only  the  2  most  promis¬ 
ing  adhesives  were  selectively  combined 


with  the  most  promising  silanes.  The  cou¬ 
pons  were  tested  in  2  conditions  as  follows. 

1.  As-cured,  i.e.,  after  the  adhesive 
manufacturer’s  recommended  cure 
time. 

2.  Aged,  i.e.,  after  48  hours  in  a 
250°F  (30  psia)  pressure  cooker. 

The  coupons,  after  cure  or  cure  and 
aging  were  placed  in  a  tensile  test  machine, 
heated  such  that  the  bondline  reached 
350°F  in  3  minutes,  then  tested  in  tension 
to  produce  a  shear  failure  in  the  bond. 

The  quadlap  shear  strengths,  averaged 
for  5  coupons,  are  shown  for  each  of  the  ad¬ 
hesives  in  Tables  5  and  6  and  as  can  be 
seen  the  primers  with  the  exception  of  Mag¬ 
nolia  750  all  combined  well  with  the  two 
adhesives  when  tested  in  the  as-cured  state. 
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DC  Hysol  Furane  3IVI  AM  CY  Magnolia  AM  CY  Hysol  3M  No 
X1-6132  9203  88060  EC  2333  HT424F  750  BR-127  9205R  EC  3917  Primer 


PQW 


PQW  PQWT 


Hysol 
EA  934 


d  - 

h  Hysol 
8  XEA-9381 


i  I  Fiber 
'  Resin 
7010 


PQWT  PQWT  PQWT  PQW  I  PQW 


PQW 


PQW  PQW  PQW 


I 


Furane 

Epibond 

1543 


Specimen  Code:  P  -  Screening  Peel  Q  -  Quadlap  Shear  W  -  Wedge  T  -  Ceramic  Peel 


Figure  4  -  Adhesive/Primer  Compatibility  Test  Matrix 


The  effect  of  the  accelerated  aging  environ¬ 
ment  on  all  the  epoxy  primers  was  substan¬ 
tial,  they  only  retained  between  1 1  percent 
and  27  percent  of  their  as  cured  strength. 
The  silane  primed  quadlaps  showed  a 
strength  retention  between  60  percent  and 
100  percent.  Though  it  was  evident  that  the 
silanes  provided  better  durability  than  the 
epoxies,  it  was  difficult  to  differentiate 
among  the  silanes. 

Wedge  Test 


TABLE  5  -  MAGNOBOND  6388-3/ 
PRIMER  COMPATABILITY  -  QUADLAP 
STRENGTH  (PSI) 


Primer 

As- 

Cured 

Aged 

Epoxy 

Am.  Cyanamid 
HT-424 

1119 

123 

Epoxy 

Magnolia  750 

475 

118 

Epoxy 

3M  PA  3917 

738 

201 

Silane 

Dow  Coming 
Xl-6132 

812 

501 

Silane 

Furane  88060 

738 
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peel  resistance  of  the  candidate  systems  un¬ 
der  accelerated  aging  environments.  The 
wedge  coupon,  consisted  of  a  Kevlar/epoxy 
strip  bonded  with  the  candidate  primer/ 
adhesive  system  to  a  ceramic  block.  To  fa- 


As  stated  in  the  previous  section,  the 
wedge  testing  was  conducted  simultaneous¬ 
ly  with  the  quadlap  testing  to  measure  the 
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TABLE  6  -  HYSOL  XEA  9381/PRIMER 
COMPATABILITY  -  QUADLAP 
STRENGTH  (PSI) 


cilitate  inserting  the  aluminum  wedge  be¬ 
tween  the  ceramic  and  Kevlar,  a  one-half 
inch  section  at  one  end  of  the  coupon  was 
left  unbonded.  The  test  matrix  is  indicated 
by  the  W’s  in  Figu/e  4.  After  curing  the  ad¬ 
hesive,  an  aluminum  wedge  was  driven  be¬ 
tween  the  ceramic  and  Kevlar/epoxy  initiat¬ 
ing  a  crack  in  the  bond.  The  coupons  were 
then  placed  in  a  pressure  cooker  at  250°F 
and  30  psia  for  48  hours,  after  which  the 
wedge  was  driven  completely  through  the 

TABLE  7  -  ADHESIVE /PRIMER  COMPATIBILITY  -  WEDGE  COUPONS 


Primer 

Failure  Mode 

Magnolia  6388-3 

Hysol  XEA  9381 

Am.  Cyanamid  HT-424 
Am.  Cyanamid  BR127 
Hysol  9205R 

Magnolia  750 

3M  PA  3917 

Primer-to-Ceramic 

Primer-to-Ceramic 

Primer-to-Ceramic 

Primer-to-Ceramic 

Primer-to-Ceramic 

Primer-to-Ceramic 

Dow  Coming  XI -6 132 
Hysol  9203 

Furane  88060 

3M  EC  2333 

Kevlar-to-Adhesive 

Primer-to-Adhesive 

Kevlar-to-Adhesive 

Primer-to-Adhesive 

Primer-to-Adhesive 

Kevlar-to-Adhesive 
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Primer 

As- 

Cured 

Aged 

Epoxy 

Am.  Cyanamid 
HT-424 

733 

128 

Epoxy 

Am.  Cyanamid 
BR-127 

591 

161 

Epoxy 

Hysol  9205R 

671 

161 

Silane 

Dow  Coming 
Xl-6132 

674 

542 

Silane 

Furane  88060 

635 

653 

Silane 

3M  EC  2333 

612 

443 

bondline  and  the  failure  mode  examined. 
The  failure  mode  results,  averaged  for  5 
coupons,  are  shown  in  Table  7.  The  epoxy 
primer  combinations,  with  both  adhesives, 
all  showed  the  primer-to-ceramic  failure 
mode  which  is  less  desirable  than  other  pos¬ 
sible  failure  modes  since  it  is  generally  in¬ 
dicative  of  reduced  bond  strength.  The 
wedges  of  the  coupons  that  failed  in  the 
primer-to  ceramic  mode  were  easy  to  drive 
through  the  bondline  whereas,  the  ones 
with  the  Kevlar-to-adhesive  failure  modes 
proved  extremely  difficult  to  drive  the 
wedge.  The  silane  primed  wedges  were 
more  resistant  to  the  accelerated  aging  envi¬ 
ronment,  however,  it  was  still  difficult  to 
differentiate  among  the  silanes. 

Ceramic/Ceramic  Peel  Test 

Since  the  silane  primed  wedge  coupons 
has  been  failing  primarily  at  the  Kevlar  to 
adhesive  interface,  the  ceramic/ceramic 


peel  coupon,  was  designed,  eliminating  the 
Kevlar  strip,  thus  differentiating  among  the 
silanes  would  be  possible.  Two  ceramic 
blocks  were  primed  and  bonded  to  each 
other  forming  a  T.  The  test  matrix  for  this 
coupon  included  the  2  adhesive  candidates 
and  the  3  remainidd  silane  primers,  Dow 
Coming  Xl-6132,  Hysol  9203  and  Furane 
88060.  The  coupons  were  either  tested  in 
the  as-cured  state  or  conditioned  in  a  pres¬ 
sure  cooker  at  250°F,  30  psia  for  24  hours. 
The  peel  test  consisted  of  placing  the  cou¬ 
pon  in  tensile  test  machine  such  that  one  of 
the  blocks  was  restrained,  heating  the  cou¬ 
pon  to  bring  the  bondline  to  3  SOT  in  3 
minutes,  then  applying  a  tensile  load  to  the 
unrestrained  ceramic  block. 

Test  results,  shown  in  Table  8,  indicate 
that  the  aging  did  result  in  a  substantial  de¬ 


crease  in  peel  strength,  however  no  silane 
showed  a  clear  advantage  over  the  others. 
The  Furane  88060  was  eliminated  because 
it  was  colorless  and  would  not  be  suitable 
for  production  process  without  being  dyed 
for  visibility  on  primed  ceramic  surface. 

Radome  Subscale  Coupon 

In  a  final  attempt  to  distinguish  be¬ 
tween  the  two  remaining  silane  primers,  ra- 
domes  bonded  with  the  Magnolia  6388-3 
adhesive  and  the  two  remaining  silane 
primers  were  machined  into  1-inch  wide 
strips  along  the  bondline  as  shown  in  Fig¬ 
ure  5.  The  coupon  consisted  of  a  piece  of 
the  Kevlar/epoxy  ring  bonded  to  a  piece  of 
the  radome.  After  machining  from  the  ra- 
domes,  these  subscales,  four  Magnolia 
6388-3/Dow  Coming  Xl-6132  and  eight 


TABLE  8  -  ADHESIVE/PRIMER  COMPATIBILITY  -  CERAMIC  PEEL  COUPONS 


Magnolia  6388-3 

Hysol 

XEA  9381 

Primer 

Conditioning 

Failure 

Load 

(lbs) 

Failure 

Mode 

Failure 

Load 

(lbs) 

Failure 

Mode 

DC  Xl-6132 

As-Cured 

76 

Primer-to- 

Adhesive 

70 

Primer-to- 

Adhesive 

DC  Xl-6132 

24  hr  at 

250°F;  15  psig 

32 

Primer-to- 

Adhesive 

12 

Cohesive 

Hysol  9203 

As-Cured 

75 

Primer-to- 

Adhesive 

62 

Primer-to- 

Adhesive 

Hysol  9203 

24  hr  at 

250°F;  15  psig 

24 

Primer-to- 

Adhesive 

15 

Cohesive 

Furane  88060 

As-Cured 

100 

Cohesive 

82 

Primer-to- 

Adhesive 

Furane  88060 

24  hr  at 

250T;  15  psig 

35 

Cohesive 

18 

Cohensive 
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Magnolia  6388-3/Hysol  9203,  were  placed 
in  a  pressure  cooker  and  maintained  at 
250°F  and  30  psia.  After  24  hours  of  condi¬ 
tioning  five  of  the  eight  Hysol  9203  primed 
specimens  had  fallen  apart.  After  40  hours 
of  conditioning  two  additional  specimens 
had  also  failed.  After  48  hours  one  Hysol 
specimen  was  tested  at  room  temperature 
and  failed  at  345  psi.  All  four  of  the  XI- 
6132  primed  coupons  survived  the  pressure 
cooker  environment.  Two  were  tested  at 
room  temperature  and  failed  at  loads  rang¬ 
ing  from  1072  psi  to  1300  psi.  The  two  oth¬ 
er  specimens  were  tested  at  350°F  and 
failed  at  285  psi  and  350  psi.  The  Dow 
Coming  XI -6 132  primed  radome  subscales 
showed  substantially  greater  resistance  to 


the  aging  environment  and  XI -6 132  was  se¬ 
lected  as  the  silane  primer  best  suited  for 
this  application. 

The  Dow  X 1-6 132  silane  was  the  best 
coupling  agent  based  on  the  discrimination 
tests.  The  HT-424  was  equal  to  or  better 
than  any  other  epoxy  primer  based  on 
primer/adhesive  compatibility  test.  The 
Magnobond  6388-3  and  Hysol  XEA-9381 
adhesives  met  all  the  bonding  process  re¬ 
quirements  and  were  stronger  than  EA-934 
at  elevated  temperature. 

The  four  combinations  of  adhesive  and 
primer  were  reduced  to  two  bond  systems 
for  the  Engineering  Test  Program  which 
was  designed  to  select  the  final  adhesive 
system  for  qualification.  The  Hysol  XEA- 


Figure  5  -  Radome  Slice  and  Test  Fixture 
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9381  adhesive  was  eliminated  for  two  rea¬ 
sons.  Principally  the  product  was  in  pilot 
production  and  Hysol  could  not  define 
when  transition  to  full  production  would 
occur  and  the  XEA-9381  was  more  viscous 
requiring  some  modification  of  the  radome 
bonding  process,  thus  Hysol  XEA-9381  was 
eliminated  as  an  adhesive.  Therefore  the 
two  primary  candidates  became  Magno- 
bond  6388-3  adhesive  with  Dow  Coming 
XI -6 132  silane  and  American  Cyanamid 
HT-424  epoxy  for  primers. 

Exploratory  Radome  Test 

During  the  development  of  the  process 
for  applying  the  silane  primer  to  the  ceram¬ 
ic,  several  scrap  radome  billets  were  bond¬ 
ed  using  identical  bond  fixtures  and  simu¬ 
lated  production  bond  room  conditions. 
The  scrap  radomes  were  rejected  for  other 
than  structural  reasons  and,  therefore,  pro¬ 
vide  excellent  and  cost  effective  exploratory 
test  hardware. 

The  slip-cast  fused  silica  ceramic  is  an 
extremely  fragile  material.  The  use  of  a  new 
silane  primer  for  the  ceramic  billet  was  of 
concern  despite  the  superior  moisture  resis¬ 
tance  demonstrated  during  the  primer  ad¬ 
hesive  compatibility  study.  In  addition, 
there  had  been  some  indication  that  the 
subscale  specimens  primed  with  silane  ex¬ 


hibited  spalling  of  the  ceramic  several  days 
after  the  initial  test  failures.  For  example, 
some  of  the  peel  test  specimens  which 
failed  at  the  adhesive  Kevlar  interface  after 
boiling  and  pressure  cooker  exposure 
spalled  after  several  days  at  the  ceramic 
surface.  A  possible  explanation  for  this  sec¬ 
ondary  failure  mode  is  that  as  the  adhesive 
dries  it  shrinks  inducing  stress  in  the  ce¬ 
ramic.  Since  the  Kevlar  adherend  has  sepa¬ 
rated  from  the  specimen,  the  constraint  at 
one  surface  of  the  adhesive  is  removed  per¬ 
mitting  an  increase  in  adhesive  strain  in¬ 
ducing  stress  in  the  ceramic.  Such  a  condi¬ 
tion  could  exist  in  a  full  scale  radome  at  the 
fillet,  a  point  of  maximum  ceramic  stress 
during  flight. 

Another  explanation  could  be  that  si¬ 
lane  somehow  acts  on  the  ceramic  causing 
surface  damage  and  inherent  material 
weakness. 

In  order  to  evaluate  this  potential  prob¬ 
lem  two  of  the  development  radomes  were 
subjected  to  a  test.  The  test  consisted  of 
soaking  both  radomes  at  130°F  for  16 
hours.  This  preconditioning  would  result  in 
post  curing  the  adhesive  and  inducing  the 
maximum  shrinkage  expected  under  storage 
conditions  in  the  life  of  a  fielded  radome. 
The  stresses  due  to  postcure  shrinkage 
would  be  superposed  on  the  thermal  stress- 
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es  due  to  cooldown  to  -SOT,  resulting  in  re¬ 
duced  loading  carrying  capability  for  the  ra- 
dome.  One  radome  was  to  be  structurally 
tested  at  -SOT,  and  the  other  at  -I-440T. 
The  test  plan  and  results  are  illustrated  in 
Figure  6. 

The  low  temperature  test  failed  at  70 
percent  of  design  load.  The  high  tempera¬ 
ture  test  failed  at  nearly  200  percent  of  de¬ 
sign  load.  Both  failures  occurred  in  the  ce¬ 
ramic.  A  failure  analysis  was  performed  to 
identify  the  cause  of  the  low  temperature 
failure. 

Failure  Analysis 

The  failure  analysis  involved  three  sep¬ 
arate  activities  which  included  visual  in¬ 


spection  of  the  failure,  a  stress  analysis  and 
material  property  tests. 

The  visual  inspection  of  the  ceramic 
failure  identified  the  failure  site.  Based  on 
the  visual  inspection  an  analysis  was  per¬ 
formed  of  the  stress  field  surrounding  the 
failure  site. 

Experimental  measurements  of  the  cure 
and  thermal  shrinkage  of  adhesive  were 
conducted  to  determine  if  the  Magnolia 
6388-3  adhesive  would  induce  higher  stress¬ 
es  than  the  existing  adhesive  and  contribute 
to  the  low  temperature  failure. 

The  visual  inspection  of  the  ceramic 
first  involves  the  piecing  together  of  all  of 
the  ceramic  fragments.  A  first  order  evalua¬ 
tion  of  the  failure  initiation  site  can  be 


70%  DESIGN  LOAD  196%  DESIGN  LOAD 


FAILURE  ANALYSIS 


Figure  6  -  Exploratory  Radome  Test  -  Low  Temperature  Sensitivity 
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made  by  observing  the  pattern  and  inspec¬ 
tion  of  fracture  surfaces.  Radome  ceramic 
failures  involve  high  energy  release  rates 
which  frequently  results  in  major  secondary 
damage  complicating  the  evaluation.  If  the 
primary  fracture  surface  is  identified,  a 
more  intense  surface  inspection  is  per¬ 
formed  with  indirect  lighting  and  often 
magnification.  This  inspection  occasionally 
will  identify  the  precise  failure  initiation 
site  in  the  ceramic.  More  often,  the  surface 
inspection  will  only  approximate  the  failure 
site  based  on  the  change  in  texture  of  the 
facture  surface.  The  evaluation  procedure 
was  applied  to  the  failed  radome  and  the 
conclusion  was  that  failure  initiated  on  the 
tension  side  of  the  radome  below  the  adhe¬ 
sive  fillet.  An  inspection  of  the  adhesive  fil¬ 
let  revealed  that  large  variations  in  geome¬ 
try  of  the  fillet  existed  around  the  inside 
circumference  of  the  radome. 

The  adhesive  fillet  is  a  critical  compo¬ 
nent  of  the  radome  joint.  The  function  of 
the  fillet  is  to  reduce  the  stress  concentra¬ 
tion  at  the  leading  edge  of  the  thread  ring 
in  the  ceramic.  The  tapered  cross  section  of 
the  fillet  reduces  the  maximum  stress  and 
shifts  the  location  forward  to  the  tip  of  the 
fillet.  The  inspection  of  the  fillet  cross  sec¬ 
tion  revealed  that  the  tip  of  the  fillet  near 
the  failure  site  was  thicker  than  the  base. 


By  observing  the  fracture  surface  which  in¬ 
tersected  the  fillet  a  cross  section  geometry 
was  defined  for  modeling  purposes. 

A  detailed  finite  element  model  was 
generated  of  the  radome  joint  in  the  local 
area  of  the  fillet.  An  analysis  was  performed 
to  predict  the  effect  on  the  ceramic  stress  of 
adhesive  cure  shrinkage  due  to  130°F  post 
cure,  thermal  stress  due  to  -30°F  soak, 
stress  concentrations  due  to  the  anomalous 
fillet  geometry.  The  post  cure  shrinkage  of 
the  adhesive  had  been  experimentally  deter¬ 
mined  by  embedded  strain  gage  measure¬ 
ments  of  cast  adhesive  samples. 

The  effect  of  post  cure  shrinkage  in¬ 
creases  the  ceramic  tensile  stress  at  the  tip 
of  the  fillet  by  16  percent.  The  effect  of  the 
geometry  deviation  of  the  fillet  increases 
the  ceramic  tensile  stress  by  a  factor  of  2. 
Figure  7  illustrates  the  principal  tensile 
stress  in  the  ceramic  for  a  normal  and  de¬ 
fective  fillet.  The  combined  effect  would 
cause  an  otherwise  normal  radome  with  an 
average  low  temperature  strength  of  220 
percent  of  design  load  to  fail  at  95  percent. 
Therefore,  the  low  temperature  radome  fail¬ 
ure  at  70  percent  is  not  unexpected  based 
on  the  failure  analysis. 

The  cure  shrinkage  and  coefficient  of 
thermal  expansion  (CTE)  for  three  adhe¬ 
sives  are  shown  in  Table  9.  A  comparison 
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Ceramic  Stress  Distribution 

Max  Stress 

Normal  Fillet 
—  _  _  Abnormal  Fillet 

Thermal  Stress 

2540 

•  •  130°F  Postcure 
.  R.T.  Post  Cure 

Bondlme 


Out  of  Specification 


/  Ceramic  / 


Figure  7  -  Radome  Joint  Finite  Element  Analysis  Results 


of  Magnolia  6388-3  to  Hysol  EA-934  indi¬ 
cates  a  50  percent  increase  in  cure  shrink¬ 
age  and  an  8  percent  decrease  in  CTE  for 
the  Magnolia  adhesive.  The  effect  of  simu¬ 
lated  high/low  storage  temperature  on  the 
residual  strain  in  the  adhesive  was  evaluat¬ 
ed  to  determine  if  the  alternate  adhesive 
could  induce  greater  ceramic  damage  than 
the  existing  production  adhesive. 

TABLE  9  -  RADOME  ALTERNATE 


ADHESIVE  PROPERTIES 


Strength 

(psi) 

Mag¬ 

nolia 

6388-3 

Hysol 

XEA 

9381 

Hysol 

EA934 

-  at  75T 

2889 

3187 

3626 

-  at  350T 

1484 

1028 

714 

-  at  440T 

599 

601 

523 

30  min.  pot 
life  strength 
(psi)  at  350T 

1276 

911 

Room  temp 
strength 

130T  cure  - 
16  hrs 

2416 

2004 

CTE  (-30°C 
-60°C) 

48.6 

53.3 

53.1 

Cure 
shrinkage 
(10'®  in/in) 
(after  7-day 

RT  cure) 

-940 

-1080 

-580 

The  results  of  this  experiment  are  illus¬ 
trated  in  Figure  8.  The  strain  gaged  adhe¬ 
sive  specimens  were  temperature  cycled  as 
follows:  room  temperature  for  7  days, 
130°F  for  sixteen  hours,  -SOT  for  two  hours 
and  back  to  room  temperature.  The  strain 


history  represents  the  combined  effects  of 
cure  shrinkage  and  thermal  contraction. 
The  Hysol  EA-934  has  the  lowest  room 
temperature  cure  shrinkage  but  the  largest 
post  cure  shrinkage.  Consequently  at  the 
completion  of  the  post  cure  cycle  all  three 
adhesives  have  approximately  the  same  re¬ 
sidual  strain  which  is  small.  At  room  tem¬ 
perature  the  post  cure  shrinkage  strains  are 
75  percent  larger  for  all  samples  than  after 
the  room  temperature  cure  and  Magnolia 
has  the  least  residual  strain.  Both  at  -50T, 
and  at  the  completion  of  the  temperature 
test  profile.  Magnolia  continues  to  have  the 
least  net  shrinkage. 

The  conclusion  resulting  from  the  fail¬ 
ure  analysis  and  adhesive  shrinkage  test  is 
that  the  70  percent  radome  failure  was 
caused  by  the  improper  fillet  geometry  and 
the  primary  adhesive  candidate  contributed 
insignificantly  to  the  premature  failure.  The 
predicted  ceramic  stress  is  equal  to  the  ex¬ 
pected  failing  stress  and  therefore  it  was 
concluded  that  the  silane  did  not  reduce  the 
ceramic  strength.  This  evaluation  clearly 
emphasizes  the  critical  nature  of  the  adhe¬ 
sive  fillet  and  its  proper  processing  inspec¬ 
tion  and  control  to  insure  adequate  low 
temperature  strength  of  the  radome. 
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175 


2000 


Hysol  EA  934 
- Magnolia  6388-3 


Figure  8  -  Patriot  Radome  Alternate  Bond  System  Adhesive  Strain  Response 
Engineering  Test  and  Evaluation  nel  under  Production  and  Engineering  su- 


The  purpose  of  the  engineering  test  and 
evaluation  was  to  provide  full  scale  radome 
assembly  data  to  insure  the  best  selection  of 
the  final  adhesive  system.  The  test  plan 
consisted  of  bonding  six  epoxy  primed  and 
six  silane  primed  radomes  with  Magnolia 
6388-3  adhesive.  The  bonding  operation 
was  performed  in  the  production  facility. 
Preliminary  process  sheets  and  inspection 
procedures  were  employed  with  the  bond¬ 
ing  done  by  production  bond  room  person- 


pervision. 

The  tests  were  designed  to  evaluate  the 
worst  case  conditions  at  the  maximum  bon¬ 
dline  temperature  possible  within  current 
Patriot  mission  capability  and  at  minimum 
temperature  under  worst  case  pre-flight 
storage  conditions.  Figure  9  illustrates  the 
preconditioning  and  thermo-structural  test 
conditions  imposed  on  the  twelve  engineer¬ 
ing  test  radomes.  One  radome  of  each  bond 
system  was  tested  to  failure  at  each  of  the 
six  conditions.  As  a  basis  of  comparison, 
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one  production  radome  was  tested  at  440'’F 
after  baseline  preconditioning  environ¬ 
ments. 

The  shock  and  vibration  tests  were  con¬ 
ducted  to  verify  that  no  ceramic  strength 
degradation  occurs  due  to  low  temperature 
dynamic  stress  representative  of  transporta¬ 
tion  and  free  flight  dynamic  loads.  One 
each  of  the  130°F/16  hr  post  cured  radomes 
was  subjected  to  the  dynamic  conditioning 
prior  to  the  low  temperature  (-30°F)  test  to 
failure.  Figure  10  summarizes  the  shock 
and  vibration  test  conditions  and  results. 

The  accelerated  aging  pressure  cooker 
test  was  conducted  on  one  of  each  radome 
prior  to  testing  to  failure  at  440°F.  This  test 


was  conducted  in  a  large  industrial  Hydro¬ 
clave  at  Ideal  Roller  Co.,  in  Marlboro, 
Mass.  The  two  radomes  were  supported  on 
a  pallet  within  the  Hydroclave  and  stored 
for  72  hours  at  250°F/30  psia  saturation 
condition.  After  72  hours  the  radomes  were 
shipped  to  Raytheon  Spencer  Laboratory 
and  tested  at  440°F.  Figure  1 1  summarizes 
the  pressure  cooker  test  conditions  and  re¬ 
sults.  This  test  condition  is  extreme  and  did 
cause  unrealistic  damage  to  the  adhesive 
bondline  and  fillet.  However,  the  silane 
primed  radome  sustained  nearly  100  per¬ 
cent  of  design  load  at  440°F,  whereas  the 
epoxy  primed  radome  failed  at  28  percent. 

The  comparison  of  test  results  between 
the  epoxy  primer  and  the  silane  primer 


Baseline  Path  ■  268% 
One  Production  Radome 


Figure  9  -  Engineering  Test  and  Evaluation  Plan  Alternative  Bond  System 
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Shock  fr  Vibration  Test 


•  Purpose 

Verify  No  Ceramic  Strength  Degradation  Due  to  Low  Temp.  Dynamic 
Stress  for  Maximum  Residual  Stress  Condition 

•  Dynamic  Conditioning  Profile 

Shock  at  -30°F 

Prelaunch  -  Three  20  g  11  msec  0.5  Sine 
Flight  -  Three  90  g  Peak  SRS 
Vibration  at  -30°F 

Prelaunch  -  5  g  Peak  Sine  Sweep  5  -  500  Hz 
Flight  -  Random  50  -  3000  Hz  3.8  grms  -  2.5  min. 

•  Structural  Test  in  Plane  of  Dynamic  Loads 

125%  Load  at  -30T 
440°F  Flight  Condition 
HT  -  424  Failed  at  241  % 

XI  -6132  Failed  at  262% 

Figure  10  -  Shock  and  Vibration  Test 


Aging/Pressure  Cooker  Test 
Primer  Tie  Breaker 

•  Purpose 

Repeat  Subscale  Pressure  Cooker  Test  Conditions  on  Full  Scale  Radome 
Relative  Comparison  Between  HT424  fr  X1-6132 
Four  X1-6132  Subscales  for  Controls 

•  Full  Scale  Test 

Ideal  Roller  Company,  Marlboro,  MA 
Bonding  Process  Hydroclave 
Conditions  30  PSIA<  250T,  100:  RH 
Duration  72  Hours 

•  Test  Results 

Subscales  -  Zero  Strength 

Full  Scale  -  Silane  3.4  Times  Epoxy  Strength 

Silane  94%  of  440°F  Design  Load 


Figure  11  -  Aging /Pressure  Cooker  Test  Primer  Tie  Breaker 
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shows  the  radomes  bonded  with  silane  to 
have  superior  strength  for  all  cases.  The 
summary  of  the  test  results  is  given  in  Fig¬ 
ure  12.  The  final  selection  for  the  alternate 
adhesive  system  is  based  on  these  results 
which  concluded  that  Dow  XI -6 132  silane 
primer  and  Magnolia  Magnobond  6388-3 
adhesive  is  the  best  replacement  bond  sys¬ 
tem  for  the  Patriot  radome  base  joint. 

Qualification  Test  Program 

The  structural  Qualification  test  pro¬ 
gram  is  designed  to  demonstrate  high  mar¬ 
gins  of  safety  for  the  following  four  specific 
conditions: 

1 .  The  high  and  low  temperature 
strength  of  the  radome  subjected 


to  low  temperature  (-50°F)  storage 
conditions  followed  by  both  high 
and  low  temperature  shock  and  vi¬ 
bration  environments. 

2.  The  high  and  low  temperature 

strength  of  the  radome  subjected 
to  high  temperature  (130°F)  and 
low  temperature  (-50°F)  storage 
conditions  followed  by  both  high 
and  low  temperature  shock  and  vi¬ 
bration  environments. 

3.  The  baseline  audit  test  strength  of 

the  radome,  30°F  soak  and  test  to 
failure  at  350°F,  for  comparison 
with  current  production. 

4.  The  effect  of  rebonding  with  the 
alternate  adhesive  system  on  cur- 


Patriot  Radome  Alternative  Bond  System 
Engineering  Radome  Test  Results 


Test  Sequence 

Radome  Primer 

Radome 

No. 

130“F 

Soak 

-50°F 

Soak 

-30°F 

125% 

-30°F 

Fail 

440°F 

Fail 

HT-424 

X1-6132 

1 

D 

D 

D 

X 

189610 

226% 

228210 

272% 

2 

D 

D 

D 

316710 

207% 

No  Failure 

235% 

3 

X 

D 

D 

207230 

247% 

222340 

265% 

4 

D 

D 

347310 

227% 

No  Failure 

226% 

5* 

X 

D 

a 

X 

202570 

241% 

219600 

262% 

6** 

X 

B 

23120 

28% 

78930 

94% 

*  Low  Temperature  Shock  &  Vibration  Preconditioning 
**  Hydroclave  at  250°F/100%  RH 
for  72  Hours  -  50%  RT  Proof 

Conclusion;  Silane  >  Epoxy 


Figure  12  -  Patriot  Radome  Alternative  Bond  System  Eng’g  Radome  Test  Results 
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rent  production,  HT-424  primer, 
and  future  production,Xl-6132  si¬ 
lane  primer,  radomes. 

The  qualification  test  plan  is  illustrated 
in  Figure  13  and  the  rebond  demonstration 
test  plan  is  illustrated  in  Figure  14.  The  to¬ 
tal  of  twenty-two  radomes  were  tested  per 
the  plan.  All  of  the  Qualification  Test  Pro¬ 
gram  objectives  were  met  successfully. 

Qualification  Test  Objectives 

The  objective  of  the  Structural  Qualifi¬ 
cation  test  was  to  demonstrate  that  the  ra- 
dome  base  joint  design  when  fabricated  to 
a  specific  process  with  the  alternate  adhe¬ 
sive  bond  system  has  sufficient  strength  to 
sustain  with  high  margins-of-safety  the 


worst  case  loads  under  pre-launch  and  mis¬ 
sile  flight  conditions.  The  strength  of  the  ra- 
dome  base  joint  is  dependent  on  the 
strength  of  the  Kevlar/epoxy  thread  ring, 
the  fused  silica  ceramic,  and  the  bond  sys¬ 
tem.  The  thread  ring  and  ceramic  are  the 
weakest  elements  in  the  joint  at  low  tem¬ 
perature  and  in  general  the  room  tempera¬ 
ture  cured  adhesive  bond  is  the  weakest  ele¬ 
ment  at  high  temperature. 

The  thread  ring  failure  mode  at  room 
temperature  is  tearing  out  of  the  molded 
threads  due  to  interlaminar  shear  at  the  aft 
end  of  the  structure.  This  failure  mode  and 
strength  is  not  influenced  by  the  adhesive 
system  used  to  bond  the  radome.  Therefore 


-30°F  +  130°F 


Figure  13  -  Patriot  Radome  Alternative  Bond  System  Qual  Test  Plan 
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•  Configuration  -  4  Radomes 


I  424/Hysol 
“  424/Mag 
S  6132/Mag 


•  Test  Plan 


Rebond  Radomes 


424/HysoI 


N.A. 


424/Mag 

6132/Mag 

N.A. 

X 

130°F 

Soak  -  16  hr 


Soak  -  2  hr 


^1— 

-30°F 

Failure 


-30°F 


440°F 


Failure 

Figure  14  -  Patriot  Radome  Alternative  Bond  System  Rebond  Demonstration 


room  temperature  tests  were  not  included 
in  the  Qualification  Test  Plan. 

The  low  temperature  failure  mode  of 
the  ceramic  is  a  tensile  fracture  of  the  ra¬ 
dome  initiating  at  approximately  the  lead¬ 
ing  edge  of  the  thread  ring.  This  failure 
mode  and  strength  is  strongly  influenced  by 
the  adhesive  fillet  formed  during  the  post 
bond  beading  operation  as  well  as  certain 
material  properties  of  the  adhesive  such  as 
cure  shrinkage  and  coefficient  of  thermal 
expansion. 

The  high  temperature  failure  mode  of 
the  bondline  is  a  shear  failure  which  can  oc¬ 
cur  on  either  the  tensile  or  compressive  side 
of  the  radome,  but  is  most  common  on  the 
tensile  side.  The  primary  failure  mode  of 


the  current  production  audit  tests  at  350°F 
is  a  bondline  shear  failure.  The  Magnolia 
6388-3  adhesive  is  nearly  twice  as  strong  as 
the  current  EA-934  adhesive  at  350°F  and, 
as  such  would  shift  the  3  SOT  failure  mode 
to  the  ceramic.  Therefore,  in  order  to  ade¬ 
quately  demonstrate  the  strength  capability 
of  the  bondline,  the  high  temperature  tests 
were  conducted  at  the  440T  maximum 
flight  temperature.  For  the  alternate  adhe¬ 
sive  this  is  the  critical  test  condition  for  the 
bondline  because  the  margin-of-safety  for 
an  adhesive  failure  is  minimum  at  440°F. 

Qualification  Test  Results 

The  results  of  the  qualification  test  pro¬ 
gram  demonstrates  that  the  radome  has 
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more  than  adequate  strength  for  the  worst 
case  high  and  low  temperature  conditions. 
The  evaluation  of  the  rebond  processing  in¬ 
dicates  no  problem  in  the  bondline  strength 
at  high  temperature  or  in  the  ceramic  at 
low  temperature.  The  two  baseline  350°F 
audit  test  radomes  failed  at  design  margins 
well  above  the  average  for  the  current  pro¬ 
duction  radomes.  A  summary  of  the  test  re¬ 
sults  is  shown  in  Tables  10,  11,  and  12. 

The  average  strength  of  ten  radomes 
tested  at  the  maximum  bondline  flight  tem¬ 
perature  (440°F)  is  equal  to  282  percent  in¬ 
cluding  rebond  radomes.  The  average 
strength  of  three  radomes  tested  at  440°F 
which  were  not  subjected  to  130°F  storage 
or  130°F  shock/vibration  conditions  is 
equal  to  225  percent  of  design  load.  The 
seven  radomes  subjected  to  the  130°F  stor¬ 
age  soak  and/or  the  130°F  shock/vibration 
conditions  had  an  average  440°F  strength  of 
293  percent  of  design  load.  This  difference 
in  average  strength  is  due  to  the  effect  of  el¬ 
evated  temperature  postcuring  of  the  adhe¬ 
sive.  The  failure  mode  for  all  high  tempera¬ 
ture  tests  is  a  tensile  failure  of  the  ceramic 
at  the  forward  edge  of  the  thread  ring  and 
secondary  bond  separation  on  the  compres¬ 
sion  side  of  the  radome. 


The  average  strength  of  ten  radomes 
tested  at  minimum  bondline  flight  tempera¬ 
ture  (-30°F)  is  equal  to  232  percent  of  de¬ 
sign  load.  The  average  strength  of  three  ra¬ 
domes  test  at  -30°F  and  not  subjected  to 
130°F  storage  or  130°F  shock/vibration 
conditions  is  equal  to  235  percent  of  design 
load.  The  seven  radomes  subjected  to  130°F 
soak  or  1 30°F  shock/vibration  conditioning 
had  an  average  -30°F  strength  of  231  per¬ 
cent.  The  difference  in  strength  for  these 
two  conditions  is  insignificant.  This  is  an 
important  result  because  it  demonstrates 
that  post  curing  the  adhesive  does  not  pro¬ 
duce  substantial  cure  shrinkage  which 
would  adversely  affect  the  ceramic  strength 
after  -50°F  storage  and  at  -30°F  flight  load 
conditions.  The  low  temperature  failure 
modes  are  combinations  of  ceramic  and 
thread  ring  failures.  Two  radomes  survived 
the  maximum  load  capacity  of  the  test  ap¬ 
paratus  without  failure.  Two  radomes  failed 
in  the  ceramic  only  without  any  indication 
of  thread  ring  damage.  One  radome  failure 
involved  only  thread  ring  damage.  One  ra¬ 
dome  failure  involved  only  the  thread  ring 
shear  out  with  no  damage  to  the  ceramic. 
Five  radomes  had  primary  failures  in  the 
thread  ring  and  secondary  failure  in  the  ce¬ 
ramic. 
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TABLE  11  -  QUALIFICATION  TEST  RESULTS  -  -30°F  RADOME  STRENGTHS 
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TABLE  12  -  QUALIFICATION  TEST  RESULTS  -  REBOND/3SO°F  RADOME  STRENGTHS 
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The  Magnolia  Plastic  Inc.  Magnobond 
6388-3  adhesive  in  conjunction  with  Dow 
Coming  XI -6 132  silane  primer  provide  a 
bond  system  qualified  to  replace  the  exist¬ 
ing  Hysol  EA-934  adhesive  and  American 
Cyanamid  HT-424  primer  for  Patriot  ra- 


dome  production.  The  alternate  bond  sys¬ 
tem  is  superior  in  strength  at  elevated  tem¬ 
perature  and  severe  engineering  tests  under 
extreme  temperature  humidity  conditions 
indicate  substantially  better  durability. 


340 


NAVAL  AIR  DEVELOPMENT  CENTER 
AIR  VEHICLE  AND  CREW  SYSTEMS  TECHNOLOGY  DEPARTMENT 
WARMINSTER,  PENNSYLVANIA  18974-5000 


CHARACTERIZATION  OF  VINYL-PHENOLIC  ADHESIVE  USED 
IN  BONDING  SELF-LUBRICATING  BEARING  LINERS 


Michael  F,  DiBerardino ,  Alan  E.  Ankeny 
and  Stanley  R.  Brown 


Prepared  for  Presentation 


Joint  Government-Industry  Symposium  on 
Structural  Adhesive  Bonding 


Sponsored  By 

American  Defense  Preparedness  Association 


Army  Armament  Research,  Development  and  Engineering  Center 

Dover,  New  Jersey 


November  1987 


341 


CHARACTERIZATION  OF  VINYL-PHENOLIC  ADHESIVE  USED 
IN  BONDING  SELF-LUBRICATED  BEARING  LINERS 


Michael  F.  DiBerardino,  Alan  E.  Ankeny 
and  Stanley  R.  Brown 


Naval  Air  Development  Center 
Air  Vehicle  and  Crew  Systems  Technology  Department 
Warminster,  Pennsylvania  18974-5000 


ABSTRACT 

A  program  was  undertaken  to 
evaluate  and  approve  a  new 
source  of  FE-7119  vinyl- 
phenolic  adhesive  since  the 
manufacturer,  H.  B.  Fuller 
Company,  is  discontinuing 
production  of  this 
thermosetting  material, 
FE-7119  is  used  both  as  an 
adhesive  and  an 
impregnating  resin  for  in 
place  bonding  of  self- 
lubricating  anti¬ 
friction/ant  i-wear  liner 
material  between  the  inner 
and  outer  races  of 
bearings.  These  bearings 
have  numerous  applications 
on  aircraft,  helicopters 
and  other  vehicles. 

This  study  included 
physical  and  chemical 
analyses,  mechanical  joint 
evaluations,  and  thermal 
analyses  of  both  the  resin 
and  the  cured  adhesive 
material .  Tests  were 
performed  on  uncured 
samples  before  and  after 
aging,  and  on  cured 
adhesive  as  bonded  and 
after  environmental 
exposures . 

Samples  of  FE-7119  from 
five  different  production 


lots  evaluated  within  six 
months  of  manufacture 
provided  test  results 
that  yielded  the  basis  for 
establishing  new 
manufacturing  limits . 

Sample  preparation  methods 
were  developed  for  thermal 
analysis  and  stress-strain 
testing  of  FE-7119.  Even 
though  the  uncured  samples 
were  stored  at  -18“C  (0’=’F)  , 
there  was  a  deterioration 
of  some  adhesive  properties 
as  the  samples  aged  for  six 
to  twelve  months . 
Preliminary  tests  on 
samples  after  twelve  months 
indicate  significant 
changes  in  performance, 
especially  loss  of  ultimate 
shear  and  strain  values 

1.  INTRODUCTION 

Practical  self-lubricating 
bearings  were  developed 
because  of  the  need  for 
bearings  that  function 
under  conditions  of 
oscillatory  motion  with 
high  loads  where 
elast ohydrodynamic 
lubrication  could  not 
occur.  The  development  of 
these  bearings  was  made 
possible  by  of  the 
invention  of 
polytetrafluoro ethylene 
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(Teflon) .  PTFE  is  an 
ideal  candidate  for  use  as 
a  dry  lubricant  because  it 
is  "slippery",  inert  and 
has  a  low  coefficient  of 
friction.  However,  PTFE 
sheet  is  difficult  to  work 
with  because  it  has  low 
structural  strength, 
exhibits  permanent  set 
under  load  and  is  difficult 
to  bond  to  other  materials. 
A  1957  invention  overcame 
these  problems  and  made 
practical  self-lubricating 
bearings  for  use  in  the 
aircraft  and  automotive 
industries.'^’  This 
patented  concept  used  a 
fabric  made  of  PTFE  fibers 
combined  with  a  second 
bondable  reinforcing  fiber 
to  overcome  the  problems  of 
PTFE  sheet .  A  weave  style 
was  selected  that  produced 
a  fabric  with  one  side 
predominatly  PTFE  threads 
and  the  other  side 
predominately  the 
reinforcement  threads. 

Using  an  appropriate 
adhesive,  the  structural 
side  of  the  fabric  is 
bonded  to  one  raceway  of  a 
bearing  with  the  PTFE  side 
of  the  fabric  facing  the 
other  race.  Adhesive 
requirements  for  use  with 
self-lubricating  liners 
include:  (1)  structural 

strength  to  withstand 
compressive  and  shear 
forces  developed  in  the 
bearing,  (2)  ability  to 
bond  to  the  fiber  and  metal 
surfaces,  (3)  resistance  to 
degradation  by  water  and 
operational  fluids,  and  (4) 
ease  of  application  during 
bearing  production.  The 
adhesive  resin  must  have 
good  flow  and  wetting 
properties  since  it  is  also 
the  prepreg  resin  for  the 
fabric . 


FE-7119  is  a  vinyl-phenolic 
thermosetting  adhesive  used 
to  bond  anti-friction/anti- 
wear  liner  in  many  high 
performance  applications. 
The  phenolic  groups  provide 
high  temperature  resistance 
while  the  vinyl  groups 
impart  toughness  to  the 
liner  syst em FE-7119 
is  superior  to  other 
adhesives  in  certain 
applications  where  the 
bearing  experiences 
cyclicly  reversing  loads. 

In  some  cases  FE-7119  is 
the  only  adhesive  qualified 
for  the  manufacture  and 
refurbishment  of  these 
bearings . 

H.  B.  Fuller  Company  is 
discontinuing  manufacture 
of  this  product  FE-7119 
adhesive.  Because  FE-7119 
is  the  only  adhesive  used 
in  the  qualification  of 
many  bearing  systems,  a 
program  was  established  to 
fully  characterize  the 
adhesive  properties, 
establish  shelf  life  and 
qualify  another  production 
source . 

2.  TEST  PROGRAM 

Five  samples  of  FE-7119 
adhesive  manufactured  by 
the  H.  B.  Fuller  Company 
were  obtained  from  various 
sources  and  evaluated  to 
determine  properties  and 
expected  limits. 

Mechanical  joint  and 
thermal  analysis  tests  were 
conducted  to  fully 
characterize  the  adhesive 
in  the  as-received 
condition,  after  bonding, 
and  after  severe 
environmental  exposures . 
Statistical  methods  were 
used  to  tabulate  results 
and  establish  FE-7119 
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performance  test  limits  for 
the  bearing  adhesive. 

Viscosity  measurements  and 
Fourier  Transform  Infrared 
Spectroscopy  (FTIR) 
analysis  were  performed  on 
all  five  batches  of  the 
vinyl-phenolic  adhesive 
prior  to  testing  to  insure 
material  uniformity. 

An  additional  study  was 
conducted  to  determine 
effects  of  aging  in  the 
uncured  state.  Upon 
completion  of  the  initial 
characterization,  a  single 
batch  was  selected  and  aged 
for  testing  six  months 
beyond  the  recommended 
shelf  life  of  the  adhesive. 
Mechanical  and  thermal 
analysis  were  repeated  on 
the  aged  adhesive  sample. 

In  addition,  sets  of 
mechanical  and  thermal 
analysis  test  specimens  of 
the  aged  adhesive  were 
exposed  to  a  one-hour 
postcure  at  191°C  (375°F) 
before  testing. 

Lap  Shear  Tensile  Strength; 
Lap  shear  strength  of  the 
adhesive  was  determined 
according  to  ASTM  method 
D1002-72  (Test  for  Strength 
Properties  of  Adhesives  in 
Shear  by  Tension  Loading 
[Metal-to-Metal] ) .  Single 
lap  shear  specimens  were 
fabricated  using  1  inch 
wide,  0.063  inch  thick 
2024-T3  bare  aluminum 
adherends  bonded  with  a  0.5 
inch  overlap.  Tests  were 
conducted  at  25,  163  and  - 
55  “C  (77,  325  and  -67° F)  . 

Peel  Resistance ;  The  peel 
resistance  of  the  adhesive 
was  determined  by  ASTM 
method  D3167-76  (Test  for 
Floating  Roller  Peel 
Resistance  of  Adhesives) . 
Floating  roller  peel 


specimens  were  fabricated 
using  1  inch  wide,  0.063 
inch  thick  rigid  member  and 
0.025  inch  thick  flexible 
member  2024-T3  bare 
aluminum  adherends .  Peel 
tests  were  conducted  at 
25°C  (77°F)  after  no 
exposure  and  after  1  week 
at  77°C  (170°F)  ,  95% 
relative  humidity. 

Thick  Adherendi  As  part  of 
the  aging  study,  thick 
adherend  lap  shear  test 
specimens  were  prepared  and 
tested.  A  clip-on 
extensometer  and  a  computer 
modeling  program  were  used 
to  develop  stress-strain 
curves  from  three  separate 
batches  of  adhesive;  new 
(as  received) ,  aged  six 
months,  and  aged  twelve 
months.  Stress-strain 
curves  were  developed  at 
25°C  (77° F)  for  as  bonded 
conditions  and  after  a  one- 
hour  postcure  at  191°C 
(375°F)  . 

Thermal  Analysis :  The 
dynamic  mechanical 
analyzer,  DuPont  model  982 
DMA,  uses  a  freely 
oscillating  resonant 
technique  combining 
flexure,  shear,  tension, 
and  compression  to  obtain 
the  dynamic  shear  storage 
and  loss  moduli  as  a 
function  of  temperature. 

DMA  test  were  performed  on 
samples  of  adhesive  after 
curing,  after  24  hours  at 
163°C  (325°F) ,  after  1  week 
at  77°C  (170°F)  and  95% 
relative  humidity,  and 
after  24  hours  immersed  in 
MIL-H-83282  hydraulic  fluid 
at  82°C  (180°F)  . 

DSC  After  Acrincr ;  In  order 
to  determine  the  extent  of 
adhesive  advancement  during 
aging,  differential 
scanning  calorimetry  (DSC) 
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measurements  were  made  on 
three  batches  of  adhesive: 
new  (as  received) ,  aged  six 
months,  and  aged  one  year. 
The  corresponding  heats  of 
reaction  were  calculated. 
Calorimetric  measurements 
were  made  with  the  DuPont 
model  910  DSC  using  a 
pressure  cell . 

Specimen  Preparation : 

Prior  to  bonding  both  lap 
shear  and  peel  mechanical 
test  specimens,  the 
aluminum  adherends  were 
pretreated  according  to 
ASTM  method  D3933-80 
(Practice  for  Preparation 
of  Aluminum  Surfaces  for 
Structural  Adhesive  Bonding 
[Phosphoric  Acid 
Anodizing]) .  The  specimens 
were  cured  at  177“C  (350“F) 
in  a  specially  designed 
laboratory  autoclave  for  30 
minutes  with  150  pounds  per 
square  inch  nitrogen 
atmosphere . 

The  thermal  analysis  bulk 
adhesive  cured  specimens 
were  prepared  by  flashing 
off  the  solvent  from  the 
paste  to  form  a  thin  film 
of  adhesive.  Several 
layers  of  the  solvent  free 
film  were  used  to  fill  a 
0.25  inch  thick  release 
mold.  The  release  mold  was 
made  from  a  five  inch 
square  sheet  of  teflon  with 
a  3  inch  by  3  inch  opening. 
The  adhesive  was  cured  at 
177“C  (ddO-'-’F)  for  30 
minutes  with  150  pounds  per 
square  inch  nitrogen 
atmosphere.  The  3  inch  by 
3  inch,  0.25  inch  thick 
cured  adhesive  was  cut  down 
to  appropriate  DMA  test 
specimens . 


3.  RESULTS  AND  DISCUSSION 

Single  lap  shear  results  at 
various  test  temperatures 
are  given  in  Table  III, 

All  five  batches  averaged 
between  4350  and  4940 
pounds  per  square  inch 
(psi)  when  tested  at 
ambient  conditions. 

The  mechanical  test  results 
for  the  characterization  of 
the  five  batches  were 
within  the  acceptable 
performance  test  limits. 
Specimen  averages  as  well 
as  minimum  and  maximum 
values  for  the  five  batches 
are  given  in  Table  I 
(single  lap  shear  strength) 
and  Table  II  (floating 
roller  peel  strength) .  On 
samples  bonded  within  the 
six-month  shelf  life  period 
the  adhesive  exhibited  a  92 
percent  retention  of  room 
temperature  lap  shear 
strength  when  tested  at  - 
55"C  (-67°F)  ,  but  only  a  14 
percent  strength  retention 
when  tested  at  163”C 
(325‘=’F)  .  The  floating 
roller  peel  results 
indicate  only  a  5  percent 
loss  of  the  room 
temperature  peel  resistance 
after  a  short  term  humidity 
exposure.  The  narrow 
ranges  of  both  lap  shear 
and  peel  test  results 
illustrate  the  uniformity 
among  the  five  batches 
tested . 

The  fundamental  bulk 
adhesive  properties 
obtained  by  DMA  are  useful 
in  predicting  changes  in 
adhesive  properties  as  a 
result  of  environmental 
exposure  . In  this  study 
the  adhesive  glass 
transition  temperature 
(Tg) ,  shear  storage  modulus 
(G' )  are  reported  from  DMA 
results.  The  Tg  has  been 
determined  for  the  as- 
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received  adhesive  at  the 
conditions  investigated 
(Table  III)  by  locating  the 
point  of  downward  concavity 
of  the  G'  curve  as  a 
function  of  temperature 
(the  intersection  of  the 
lines  tangent  to  the  G' 
curve) .  The  G'  shows  the 
imposed  shear  energy  stored 
and  recovered  by  the 
adhesive  and  as  such  is  an 
indication  of  the  rigidity 
of  the  material . 

Table  III  shows  the  Tg 
values  obtained  from  the  G' 
curves  for  the  various 
conditions  tested.  As  can 
be  seen  from  this  table, 
the  post  cured  sample 
displays  an  elevated  Tg 
over  the  unexposed  sample 
as  does  the  sample  immersed 
in  82'=’C  (180“F)  hydraulic 
fluid.  This  indicates  a 
higher  useful  temperature 
range  for  the  adhesive 
after  exposure  to  heat  (it 
is  believed  that  the 
elevated  temperature  and 
not  the  hydraulic  fluid 
caused  the  increase  in  the 
Tg) .  The  sample  exposed  to 
humidity  conditions, 
however,  shows  a  slightly 
decreased  Tg  due  to  the 
absorption  of  moisture  into 
the  adhesive. 

The  effects  of  aging  the 
adhesive  in  the  uncured 
state  on  the  mechanical 
joint  properties  can  be 
seen  in  Table  IV  for  single 
lap  shear  strength  and  in 
Table  V  for  floating  roller 
peel  resistance.  The  aged 
adhesive  had  a  slightly 
increased  lap  shear 
strength  over  the  as 
received  material  when 
tested  at  room  temperature, 
163'^C  and  -55”C,  The  post 
cure  of  the  aged  material 
increased  the  high 
temperature  lap  shear 
strength  by  74  percent  over 
the  aged  adhesive  and  150 


percent  over  the  as  - 
received  material.  The 
post  cure,  however, 
decreased  the  low 
temperature  lap  shear 
strength  of  95  percent  of 
the  unaged  adhesive.  The 
aged  adhesive  showed  a 
slight  decrease  in  peel 
resistance  form  the  unaged 
values  and  a  further 
decrease  after  the  post 
cure  when  tested  at  room 
temperature  and  after  short 
term  humidity  exposure.  In 
either  case  the  humidity 
exposure  showed  only  a  very 
slight  decrease  from  the 
room  temperature  value. 

The  glass  transition 
temperatures  (Tg' s)  were 
obtained  by  DMA  for  the 
neat  adhesive  samples  cured 
after  aging  in  the  uncured 
state.  The  Tg  values  after 
environmental  exposures  are 
shown  in  Table  VI.  The 
aged  material  exhibited  a 
higher  Tg  for  the  as-cured, 
short  term  humidity 
exposure  and  immersion  in 
hydraulic  fluid  then  the 
unaged  samples.  Post 
curing  the  aged  adhesive 
also  exhibited  higher  Tg' s 
for  the  as-cured  and 
hydraulic  fluid  immersion, 
but  showed  a  significant 
drop  after  short  term 
humidity  exposure.  The 
Tg' s  after  24  hour  exposure 
to  ISS^C  were  very  close 
for  the  as=received,  aged 
and  aged  post  cured.  After 
aging  six  months  the 
adhesive  showed  the  similar 
behavior  to  the  unaged 
adhesive;  no  significant 
loss  die  to  humidity 
exposure  and  a  slight 
increase  after  elevated 
immersion  in  hydraulic 
fluid.  The  post  cured 
sample,  however,  showed  a 
significantly  lower  Tg 
after  humidity  exposure 
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than  in  the  as-cured  state 
due  primarily  to  the 
susceptibility  to  moisture 
absorption . 

Ultimate  shear  strain  and 
stress  values  obtained  from 
thick  adherend  specimens 
are  shown  in  Table  VII. 

The  effect  of  aging  is 
illustrated  by  the 
formation  of  a  more 
brittle,  cured  adhesive 
structure  that  results  in 
decreased  strain  values . 
There  is  also  a  loss  of 
ultimate  shear  stress  as 
the  material  ages.  Post 
curing  the  six  months  aged 
sample  did  increase  the 
ultimate  stress  close  to 
the  values  for  the  as- 
received  material,  but 
there  was  a  reduction  in 
strain  due  to  the  loss  of 
toughness.  The  sample  aged 
twelve  months  exhibited  low 
ultimate  values  and 
duplicate  specimens  that 
were  post  cured  failed 
while  loading  in  the  test 
grips . 

In  order  to  determine  the 
extent  of  adhesive 
advancement  during  storage 
in  the  uncured  state,  DSC 
scans  were  performed  and 
corresponding  heats  of 
reaction  were  calculated. 
Due  to  entrapped  water  from 
the  vinyl-phenolic 
condensation  reaction,  it 
was  necessary  to  conduct 
the  calorimetric 
measurements  under  nitrogen 
.pressure,*®"*'^’  Figure  1  is 
a  composite  scan  of  uncured 
adhesive  prior  to,  and 
following  aging.  The 
reported  heats  of  reaction 
indicate  some  advancement 
is  taking  place  during 
storage . 


4.  CONCLUSIONS 

The  following  conclusions 
can  be  drawn  from  this 
program : 

1)  The  adhesive  is 
consistent  in 
characteristics  and 
properties  as  shown  by  this 
study  using  samples  tested 
from  five  different 
production  lots, 

2)  Extreme  care  must  be 
taken  during  the  bonding 
process  to  prevent 
retaining  solvent  or  water 
in  the  bondline  and  neat 
adhesive  specimens. 
Otherwise,  test  results 
could  be  invalid, 

3)  Acceptance  values 
determined  for  quality 
assurance  are; 

a.  Viscosity  of  2500  +/- 
500  centipoise  at 
25'=C(77'=>F)  ., 

b.  Single  lap  shear  minimum 
tensile  strengths  of  3900 
psi  at  25'=’C  (77'=^F)  . 

c.  Floating  roller  minimum 
peel  strengths  of  55  piw  at 
25'=>C(77°)F, 

d.  DMA  glass  transition 
temperature  (Tg)  range  of 
59-70°C(138-158°F)  for  as 
cured  neat  adhesive. 

e.  DMA  glass  transition 
temperature  (Tg)  range  of 
111-118°C(231-245“F)  for 
cured  neat  adhesive  post 
cured  at  163<=’C  (325“)  F  for 
24  hours . 

4)  Advancement  of  the 
uncured  adhesive  takes 
place  even  during  storage 
at  -18“C(0'=>F)  limiting 
shelf  life  to  six  months. 
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TABLE  I 

Single  Lap  Shear  Strength  for  Five  Batch  Characterizations 


Test  Temperature 

Average 

Cpsi)* 

Minimum 
(psi)  ** 

Maximum 
(psi)  ** 

-25°C  (77°F) 

4750 

4355 

4940 

leS’-C  (325-F) 

640 

580 

680 

-55-C  (-67-F) 

4495 

4295 

4670 

*  Average  of  all  batches 
**  Minimum  and  maximum  batch 

averages 

TABLE  II 

Floating  Roller  Peel 
Characterizations 

Strength 

for  Five  Batch 

Test  Temperature 

Average 
(piw)  * 

Minimum 
(piw)  ** 

Maximum 
(piw)  ** 

25-C  (77‘=>F) 

67.0 

63.7 

70.6 

25-C  (77- F) 

1  week  at  170‘-’F 
/95%  RH 

63.4 

59.5 

67.8 

Average  of  all  batches 
**  Minimum  and  maximum  batch  averages 
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TABLE  III 

DMA  Glass  Transition  Temperatures  Obtained 
for  Five  Batch  Characterizations 


Exposure 

Conditions 

Average 

Tg-^ 

Minimum 

Tgf* 

Maximum 

TgK* 

As  Cured 

63“C 

59“C 

70“C 

24  hrs  @  325“ F 

113“C 

111“C 

115“C 

Iweek  @  170“ F 

9596  RH 

61“C 

58“C 

65“C 

24  hrs  @  180“F 
MIL-H-83282 
Hydraulic  Fluid 

81“C 

75“C 

85“C 

*  Average  for  all  batches 
**  Minimum  and  maximum  batch 

values 

TABLE  IV 

Single  Lap  Shear 

Strength  ! 

Before  and  After 

Aging 

Cured  as 

Cured  After 

Cured  and  Post 

Test 

Received 

6  Months 

Cured  After 

Temperature 

(psi) 

(psi) 

6  Months  (psi)  * 

25“C  (71“F) 

4750 

5290 

5  345 

163“C  (325“  F) 

64  0 

930 

1615 

-55“  C  (-67“  F) 

4495 

5215 

4230 

*  Post  cured  1  hr  @  STS'^F 
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TABLE  V 


Floating  Roller 

Peel  Strength 

Before  and  After  Aging 

Test 

Temperature 

Cured  as 
Received 
(piw) 

Cured  After 

6  Months 
(piw) 

Cured  and  Post 
Cured  After 

6  Months  (piw)  * 

25°C  (77°F) 

67 

64 

47 

25°C  (77- F) 
After  1  week 

Q  170-F  95%RH 

63 

50 

45 

*  Post  cured  1 

hr  @  375-F 

TABLE  VI 

DMA  Glass  Transition  Temperatures  Before 
and  After  Aging 

Exposure 

Conditions 

Cured  as 
Received 
(Tg) 

Cured  After 

6  Months 
(Tg) 

Cured  and  Post 
Cured  After 

6  Months’*  (  Tg) 

No  exposure 

63-C 

85-C 

109-C 

After  24  hrs  @ 
325°F 

113°C 

119-C 

118-C 

After  1  wk  @ 
170-F/95%  RH 

61-C 

87-C 

78-C 

After  24  hrs  @ 
at  180°F  in 
MIL-H-83282 
Hydraulic  Fluid 

81°C 

100-C 

110-C 

*  Post  cured  1  hr  @  375-F 
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TABLE  VII 


Thick  Adherend  Lap 
Results  Before  and 

Shear 

After 

Stress-Strain 

Aging 

Condition 

Ultimate  Shear 
Strain  in. /in 

Ultimate  Shear 

Stress  (psi) 

As  Received 

1.13 

7110 

As  Received  and 
Post  Cured* 

.56 

7850 

After  6  Months 
Storage 

.90 

5923 

After  6  Months 
Storage  and 

Post  Cured* 

.69 

7270 

After  12  Months 
Storage 

.73 

3170 

After  12  Months 
Storage  and 

Post  Cured 

♦  * 

** 

*  Post  cured  1  hr  @  375°F 
**  Specimens  failed  on  loading 
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James  P.  Bell  and 
Randall  G.  Schmidt 
Pol3Tiier  Science  Program 
Institute  of  Materials  Science 
U-136 

University  of  Connecticut 
Storrs,  CT  06268 

Introduction 

Adhesives  and  primers  in 
general  do  not  form  covalent 
chemical  bonds  with  metal 
surfaces,  but  most  often  form 
hydrogen  bonds  with  the  surface 
metal  oxide.  These  hydrogen 

bonds  are  ultimately  broken  by 
moisture  which  diffuses  from 
the  surrounding  air,  with 
larger  surface  areas  requiring 
longer  time  to  debond  than 
small  areas.  Retardation  of 
moisture  diffusion  to  the 
Interface  of  course  helps,  but 
only  by  delaying  the  debonding. 
The  durability  problem  is 
particularly  great  when  the 
bond  experiences  stress. 

Incomplete  and  non-repro¬ 
ducible  cure  are  additional, 
separate,  problems  of  room 
temperature  cure  systems. 

There  is  no  magic  chemical 
coupling  agent  that  forms 
chemical  bonds  to  all  sub¬ 
strates.  Silane  coupling 
agents,  when  properly  applied, 
provide  very  effective  bonds  to 
glass .  As  one  would  expect 
from  their  structure,  they  are 
less  effective  with  metals. 

We  have  developed  a 
pol3Tneric  coupling  agent  system 
which  chemically  bonds  to  iron 
and  copper  oxides  as  well  as  to 
epoxy  type  adhesives.  Result¬ 
ing  bonds  retain  most  of  their 
strength  after  long  exposure  to 
hot  or  boiling  water.  Normal 
systems  debond  completely  in  a 


few  hours.  The  coupling  agent 
is  applied  to  the  metal  surface 
before  application  of  the 
adhesive. 

Proper  wetting  of  the 
surface  by  the  adhesive  and 
proper  hydrophoblcity  and 
hydryolysis  resistance  are  of 
course  also  very  Important. 
Mechanical  interlocking  is  much 
less  important  except  vAen 
special  etching  treatments  are 
used,  as  with  aluminum  (1).  A 
more  detailed  discussion  of 
these  effects  in  relation  to 
steel  can  be  found  elsewhere 
(1). 

Results  and  Discussion 

1.  Coupling  agents 

After  consideration  of 
several  types  of  bonding 
reactions  to  steel  and  copper, 
two  types  were  Investigated 
more  extensively.  The  first 
type  consists  of  multifunction¬ 
al  mercapto  esters  such  as 
hexanetriol  trlthioglycolate 
(HTTHG)  and  pen^aerithrytol 
mecaptoproplonate  (PETMP)  these 
compounds,  shown  below,  have 
the  capability  to  bond  to 
steel,  copper,  and  epoxy 
resins. 

They  must  be  present  in  a  very 
thin  ■  layer  however,  since 
multiple  layers  of  the  low 
molecular  weight  compounds  are 
mechanically  weak.  Also,  there 
is  a  relatively  high  concentra¬ 
tion  of  polar  groups,  making 
the  coupling  agent  rather 
hydrophilic. 

The  second  type  of  coupl¬ 
ing  agents,  shown  in  Fig.  2., 
involves  attaching  functional 
groups,  such  as  mercapto 
esters,  onto  a  less  polar, 

* 

Purchased  from  Evans  Chemetics 
Co. 
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relatively  strong  polymer 
backbone.  This  results  in  a 
less  hydrophilic,  stronger 
coupling  agent  region. 

2.  Joint  strength  results. 

The  torsional  shear 
strength  method  used  in  our 
earlier  studies  (2-4)  was  also 
used  in  this  work.  The  adhe¬ 
sive  bond  is  tested  in  pure 
shear;  the  method  gives  far 
better  reproducibility  than  lap 
shear  and  similar  methods,  and 
is  much  easier  to  interpret. 

The  durability  in  57 °C 
water  of  joints  containing  10 
mil  thick  Epon  828-methylene 
dianline  adhesive  are  shown  in 
figure  3  .  Exact  preparation 
conditions  are  described 
elsewhere  (3).  The  prior  metal 
treatment  resulted  in  signifi¬ 
cantly  Improved  durability. 

3.  Peel  Strength  Tests 

Peel  tests  of  treated  and 
untreated  raw  copper  foil  show 
similar  results  (Table  1) . 
VThen  the  control  sample  was 
exposed  to  boiling  water,  the 
peel  strength  became  too  low  to 
measure . 

Peel  strength  tests  on 
thinly  coated  HTTHG  treated 
steel  gave  negligible  improve¬ 
ment  relative  to  control 
samples.  We  believe  this  was 
because  of  the  rapid  diffusion 
of  water  perpendicular  to  the 
coating  that  occurs  in  the  peel 
samples.  Results  with  steel 
and  polymeric  coupling  agents 
are  given  in  Table  2 .  The 
different  EME  contents  repre¬ 
sent  different  weight  percent¬ 
ages  of  mercapto  ester  groups 
along  the  polyethylene  back¬ 
bone.  One  observes  that,  prior 
to  water  exposure,  the  greatest 
concentration  of  mercaptoester 


groups  gives  the  greatest  peel 
strength,  far  superior  to  the 
controls.  Upon  exposure  to 
57“C  water,  the  strength  of  all 
samples  decreases  dramatically. 

We  have  shown  elsewhere  (5) 
that  this  is  because  of  loss  of 
the  epoxy  properties  in  water, 
not  because  of  the  coupling 
agent.  The  ntmbers  in  paren¬ 
theses  are  peel  strengths  that 
were  obtained  when  the  samples 
were  redried. 

The  last  column  in  the 
table  is  indicative  of  the 
relative  rates  of  corrosion  of 
the  samples.  It  represents  the 
time  in  hours  for  an  average  of 
three  visible  pits  to  form 
under  the  coating.  In  this 
instance  an  optimum  value  is 
found  somewhere  in  the  vicinity 
of  23  VTeight  percent  mercapto¬ 
ester  groups.  Apparently  at 
higher  mercaptoester  concentra¬ 
tions  the  increased  polarity 
and  hydrophilicity  associated 
with  the  ME  groups  facilitates 
transport  of  water,  0^  and 
ionic  species  to  the  interface, 
causing  corrosion  to  occur, 
even  though  bonding  to  the 
metal  remains  relatively 
strong.  The  optimum  coupling 
agent  mercaptoester  concentra¬ 
tion  for  peel  strength  improve¬ 
ment  is  thus  different  from  the 
optimum  for  corrosion  resis¬ 
tance. 

In  conclusion,  the  mercapto¬ 
ester  family  of  coupling  agents 
shows  promise  for  greatly 
improving  the  durability  of 
epoxy-steel  and  epoxy-copper 
joints  and  coatings,  although 
much  work  remains  to  be  done. 
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SH 


Hexanetriol  trithioglycolate(HTTHG) 


Pentaerithritol  letramercapfopropionate(PETMP) 

Fig.  lb  HTTHG  and  PETMP  struc¬ 
tures 


Fig.  2  Schematic  of  interface 

showing  polymer  structure 


Fig.  1  HTTHG  and  PETMP  struc¬ 
tures 
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Figure  3  Effect  of  HTTHG  treatment  on  bond  durability  (57°C)  of  methylene 
dianiline  cured  adhesive  joints:  (0)  HTTHG,  (•)  Control. 


— L - 180  Peel  Tests  with  Untreated  Raw  Copper  Foil 


Treatment 

Peel  Strength, 

Standard  Deviation, 

Ibs/in 

Ibs/in 

Control 

Control  after  24  hrs  in 

3.42 

0.18 

100®C  water 

5-amlnobenzotriagole 
(5ABTA)  treatment 

very  low 

— 

followed  by  NaOH  wash 

5ABTA  treatment  followed 

6.49 

0.67 

by  NaOH  wash  after  24  hrs 
in  100°C  water 

3.80 

0.36 

5ABTA  treatment:  10  min.  in  a 
temperature,  NaOH  wash:  dipped 
one  minute. 

-3 

1x10  m  Aq  5ABTA  soln.  at  room 
in  a  0.1%  Aq .  NaOH  solution  for 
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WET  AND  (REDRIED)'  90  PEEL  STRENGTHS  (G/IN) 
FOLLOWING  SPECIFIED  57C  WATER  IMMERSION 


TREATMENT 

PEEL  STRENGTH  (G/IN) 
IMMERSION  TIME  (HRS  57C  WATER) 

0  1  5  11  24 

CORROSION 

PROTECTION 

(HRS) 

CONTROL 

78 

69 

9 

4 

2 

14 

(57) 

(24) 

(16) 

(5) 

EME  33 

47 

26 

11 

10 

9 

46 

(40) 

(26) 

(23) 

(19) 

EME  47 

284 

139 

36 

16 

13 

32 

(196) 

(71) 

(57) 

(44) 

EME  90 

729 

319 

24 

16 

11 

20 

(543) 

(187) 

(66) 

(30) 

'SAMPLES  DRIED  1  HR  UNDER  VACUUM  AT  50C 


TABLE  2 
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THERMAL  ANALYTICAL  TECHNIQUES  FOR 
THE  DETERMINATION  OF  STRUCTURAL  ADHESIVE  CURE  STATE  AND 
BONDED  JOINT  PERFORMANCE 

Larry  R.  Pitrone 
Naval  Air  Development  Center 
Air  Vehicle  and  Crew  Systems  Technology  Department 
Warminster,  Pennsylvania  18974-5000 


ABSTRACT 

Premature  structural 
adhesive  failure  of  a 
propeller  blade  trailing 
edge  joint  required  the 
cure  state  of  the  failed 
adhesive  be  determined  to 
confirm  that  complete  cure 
had  been  achieved  upon 
repair.  Only  a  small 
fillet  was  available  for 
this  evaluation.  DSC  was 
the  selected  method  of 
analysis.  It  successfully 
determined  that  the 
adhesive  was  completely 
cured  yet  had  realized  the 
consequences  of  aging  which 
were  more  effectively 
elucidated  by  DMA. 

Effects  of  the  bonding 
process  on  the  molecular 
structure  of  a  modified 
epoxy  adhesive  and  the 
resultant  interfacial 
quality  of  the  bonded  joint 
were  successfully 
established  by  DMA,  using 
small-scale  laminate 
joints.  Tan  6  served  to 
trace  changes  in  the 
adhesive  and  the  subtle 
interfacial  alterations 
resulting  from  application 
of  various  organofunctional 
silane  primers . 

Interfacial  adhesion 


quality  as  determined  by 
DMA  correlated  with 
floating  roller  peel 
mechanical  test  results. 


1.  INTRODUCTION 

The  proper  cure  state  of 
adhesives  employed  in 
aerospace  structural 
joining  is  paramount  to 
successful  performance. 

The  present  capability  of 
sophisticated  thermal 
analytical  techniques  to 
determine  cure  state 
enables  confirmation  that 
appropriate  cure  has  been 
realized.  It  also  permits 
the  resolution  of 
associated  cure  schedules 
for  advanced  developmental 
adhesives  such  that 
projected  performance  gains 
may  be  achieved. 
Differential  Scanning 
Calorimetry  (DSC)  was  the 
technique  employed  in  this 
adhesive  failure  analysis 
study  to  determine  if 
complete  cure  was  the  cause 
of  a  propeller  blade 
trailing  edge  debond, 
realized  during  aircraft 
service . 

The  propeller  blade 
trailing  edge  bonded  joint 
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in  question  realized 
premature  fracture  which 
necessitated  repair. 

Several  factors  of  the 
repair  procedure  were 
analyzed  to  determine  the 
cause  of  failure.  Proper 
cure  state  prior  to 
deployment  was  the 
consideration  of  this 
investigation.  A  very 
small  adhesive  fillet  was 
all  the  failed  material 
available  for  this  study. 
Consequently,  DSC  was 
selected  for  this  analysis 
as  it  requires  a  minimal 
amount  of  material,  can  be 
conducted  rapidly,  traces 
cure  advancement,  and 
reveals  other  important 
polymer  properties,  e.g. 

T.,  . 

Successful  performance  of  a 
structural  bonded  joint 
strongly  depends  upon  the 
specific  adhesive 
properties  within  that 
bonded  configuration  and 
the  adhes ive-adherend 
interfacial 

charact  er  i  st  ic  s  ‘  ^  ^ ’  . 

It  is  well  documented  that 
both  the  incorporation  of  a 
rigid  filler  within  a 
polymer  matrix  and  the 
filler-polymer  adhesion 
play  crucial  roles  in  the 
performance  properties  of 
filled  polymers  and  organic 
matrix  composites”^’  ,  As  a 
result  of  the  similarity  of 
adhesive  joints  to  these 
systems,  comparable 
phenomena  effecting 
performance  should  be 
expected,  e.g.  adhesion  of 
adherend  to  adhesive  and 
alteration  of  adhesive 
polymer  network  as  a  result 
of  adhesion.  In  the  past, 
dynamic  mechanical  methods 
have  successfully 
elucidated  these  phenomena 


in  filled  polymers  and 
c  omp  o  s  i  t  e  s  ‘  ’  . 

The  viscoelastic  nature  of 
both  the  adhesive  and 
interface  encourage  the 
application  of  Dynamic 
Mechanical  Analysis  (DMA) 
to  characterize  the  effects 
of  bonding  on  the  adhesive 
and  the  interfacial 
adhesion  quality  resulting 
from  various  adherend 
pretreatments .  In  this 
study,  DMA  was  conducted  on 
neat  adhesive  and  bonded 
aluminum  laminates,  before 
and  after  hygrothermal 
exposure.  The  objective  was 
to  ascertain  effects  of 
bonding  on  the  adhesive 
molecular  structure  through 
evaluating  primary  and 
secondary  transitions  by 
Tan  6  peaks  and  transition 
temperatures . 

Organof unct i onal  silanes 
have  been  evaluated  as 
metal  adherend  prebond 
primers  in  an  attempt  to 
maintain  joint  adhesion  in 
aggressive  environments  of 
heat  and  humidity . 
Solution  pH  of  silane 
primers  has  been  observed 
to  effect  joint  durability 
performance'’^”’  .  The 
interfacial  adhesion 
quality  resulting  from  the 
application  of  these 
primers  at  two  pH  levels  in 
a  bonded  laminate  was 
another  objective  to  be 
determined  by  DMA.  Subtle 
differences  in  surface 
characteristics  were 
detected  and  correlated 
with  mechanical  performance 
by  the  Floating  Roller  Peel 
(FRP)  test. 
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2.  EXPERIMENTAL  PROCEDURE 


2.1  ADHESIVE  CURE  STATE 
EVALUATION 

The  structural  adhesive 
film  employed  in 
fabricating  the  propeller 
blade  trailing  edge  joint 
is  3M  Co.  AF-lllj  a  121°C 
C250“F)  cure  system 
subjected  to  15  psi  during 
the  one  hour  cure  cycle  of 
bond  formation.  The 
adhesive  is  supported  with 
a  random  mat  scrim  and  is 
based  on  an 

epichl or ohydr in/  bisphenol- 
A  epoxy  resin  cured  with 
dicyandiamide  and  modified 
with  nitrile  latex. 

As  a  result  of  the  failure 
mode,  a  20  mg  adhesive 
fillet  represented  the 
entire  amount  of  AF-111 
available  for  cure  state 
evaluation.  Three  DSC 
specimens  of  4  mg  each  were 
carefully  prepared  from  the 
failed  sample.  In  order  to 
determine  whether  the 
adhesive  had  realized  a 
complete  cure,  neat  AF-111 
samples  were  prepared  in 
the  laboratory  at  various 
cure  temperatures  (uncured, 
93-C  (200‘"F)  ,  107‘^^C 
C225“F)  ,  and  121°C  (250‘"F)) 
such  that  a  spectrum  of  DSC 
traces  could  be  obtained  to 
"fingerprint"  the  AF-111 
cure  advancement.  These 
DSC  specimens  were  cut  from 
castings  of  adhesive 
prepared  in  a  release  mold 
and  cured  in  a  small-scale 
laboratory  autoclave.  DSC 
was  conducted  using  a 
DuPont  910  Differential 
Scanning  Calorimeter  with 
associated  1090  thermal 
analyzer/controller  at  a 
heat-up  rate  of  10‘^C 
(18"^ F) /min  from  room 


temperature  to  210“C 
(410“  F)  . 

Diffuse  Reflectance 
Infrared  Fourier  Transform 
Spectroscopy  (DRIFT)  was 
conducted  to  augment  the 
DSC  spectrum  on  the 
remaining  8  mg  sample 
received  from  the  failed 
joint,  as  well  as  on  20  mg 
laboratory  samples  cured  at 
121“C  (250“F)  and  93“C 
(200“F)  respectively.  As 
the  name  implies,  DRIFT 
spectra  result  from  the 
detection  of  weak, 
diffusely  reflected 
radiation  from  the  sample, 
now  attainable  in  the  mid- 
infrared  region  by  the 
advent  of  FTIR‘^^’  . 

2.2  BONDED  JOINT  ADHESIVE 

AND  INTERFACIAL  PROPERTY 
EVALUATION 

The  adhesive  selected  for 
this  study,  3M  Co. 
AF-163-2K,  is  an  aerospace 
structural  film  which  is 
supported  on  a  nylon  knit 
carrier.  The  adhesive 
formulation  incorporates 
both  brominated  and 
bisphenol-A  based  epoxy 
resins  for  moisture 
resistance  and  a  rubber 
modifier  for  increased 
toughness.  Two  cure  cycles 
of  one  hour  at  45  psi  and 
121“C  (250“F)  and  177“C 
(350“F)  respectively  were 
effected  in  preparing  both 
neat  and  bonded  test 
specimens.  Adherends  of 
selected  joints  were  primed 
prior  to  bonding  with 
either  one  of  two 
organof unct i onal  silane 
solutions  or  an  epoxy 
phenolic  primer  (American 
Cyanamid  Co.  BR-127) .  The 
organof unct i onal  silane 
used  was  a  T-amino- 
propyltri ethoxy  silane 


361 


(Union  Carbide  A-llOO) 
applied  to  the  adherends  by 
immersion  as  a  1%  solution 
at  a  pH  of  10  and  4, 
obtained  by  addition  of 
hydrochloric  acid. 

Neat  adhesive  DMA  specimens 
were  cut  to  size  (50.8  mm 
(2.0")  X  6.4  mm  (0.25")  x 
1.9  mm  (0.075"))  from 
larger  castings  after 
realizing  appropriate  cure 
cycles  in  the  small-sale 
laboratory  autoclave 
(Figure  1) .  Bonded 
laminates  were  prepared  for 
DMA  (50.8  mm  (2.0")  x 

5 . 1  mm  (0.2")  x  3.5  mm 
(0.135"))  from  laminate 
overlap  shear  specimens 
(ASTM  D-3165)  of  2024-T3 
bare  aluminum,  phosphoric 
acid  anodized  (PAA)  and 
primed  with  BR-127  prior  to 
bonding  (Figure  1) .  Small- 
scale  overlap  shear  joints 
comparable  in  size  to  the 
DMA  laminates  (Figure  1) 
were  also  prepared  from 
ASTM  D-3165  specimens. 

These  were  mechanically 
tested  to  failure  along 
with  their  full-scale 
counterparts  as 
confirmation  that  they  were 
representative  of  the  full- 
scale  joints,  i.e.  inherent 
material  impurities  or 
processing  flaws  did  not 
dominate  the  characteristic 
joint  performance  as  a 
result  of  specimen  size 
reduction.  Single  adherend 
DMA  laminate  adhesive 
specimens  (50.8  mm  (2.0")  x 

5 . 1  mm  (0.2")  x  1.9  mm 
(0.075"))  were  fabricated 
by  selective  removal  of  one 
adherend  from  the  standard 
DMA  laminates  (Figure  1)  . 

As  a  means  of  elucidating 
silane  primer 
effectiveness,  FRP  tests 
(ASTM  D-3167)  were 


conducted  on  PAA,  2024-T3 
bare  aluminum  prepared 
without  primer  and  with  two 
A-llOO  silane  solutions,  pH 
10  and  4  respectively.  DMA 
was  also  conducted  on 
selected  small-scale 
laminates  prepared  from 
these  FRP  specimens 
(Figure  1) . 

Prior  to  DMA,  selected  neat 
and  bonded  laminates  were 
exposed  to  82°C  (180“F)  and 
100%  R.H.  for  2  weeks  to 
evaluate  hygrothermal 
effects  on  the  adhesive  and 
interface  respectively. 

DMA  was  conducted  using  a 
DuPont  982  Dynamic 
Mechanical  Analyzer  with 
associated  1090  thermal 
analyzer/  controller  over 
the  temperature  range 
-100“C  (-148‘-'"F)  to  230‘=’C 

(446“F)  at  a  heat-up  rate 
of  5°C  (9°F)/min. 


3.  RESULTS  AND  DISCUSSION 

3.1  ADHESIVE  CURE  STATE 
DETERMINATION 

Among  other  approaches ,  the 
adhesive  cure  state  can  be 
characterized  in  two 
different  ways'^"”*  ; 

(1)  By  measuring  a 
transition  temperature  such 
as  a  glass  rubber 
transition  (T^,)  . 

(2)  By  measuring  the 
residual  heat  of  reaction 
in  the  s amp 1 e . 

Calorimetric  techniques 
enable  DSC  to  detect  both 
polymer  molecular 
transitions,  i.e.  Tq ,  and 
heat  of  reaction.  Thus, 

DSC  traces  of  AF-111 
specimens  after  exposure  to 
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various  cure  temperatures 
were  produced  to 
characterize  the  cure 
advancement  (Figure  2)  . 

The  exotherm  of  the  fresh 
adhesive  is  523  Jg“^-  in 
comparison  to  a  complete 
cure  of  121"C  (250‘^F)  in 
which  the  exotherm  has 
vanished  and  the  Ta  at 
113"C  (232”F)  is  indicated 
by  the  change  in  baseline. 
The  sample  cured  at  93^0 
(200°F)  demonstrated  an 
exotherm  of  93  Jg"’' 
preceded  by  a  small 
endotherm  corresponding  to 
melting  of  the  adhesive. 

As  the  cure  proceeds, 
indicated  by  DSC  at  higher 
cure  temperatures,  the 
exotherm  disappears  and  the 
endotherm  diminishes  in 
size  revealing  the  primary 
transition  at  the  T® ,  the 
position  of  which  as 
obtained  by  DSC  is 
independent  of  specimen 
size.  Upon  analysis  of  the 
failed  AF-111  adhesive 
(Figure  2) ,  the  absence  of 
an  exotherm  indicated 
complete  cure  had  been 
realized.  Yet,  the 
definitiveness  of  the 
primary  transition  was 
absent,  and  it  was  shifted 
to  a  lower  temperature 
(105"’C  (CIS'^F))  in 
comparison  to  the  fully 
cured  sample  prepared  in 
the  laboratory.  As  a 
result,  a  specimen  from  the 
laboratory  sample  was 
allowed  to  age  for  six 
months  in  the  laboratory 
environment  and  then  tested 
by  DSC.  The  trace  as  shown 
in  Figure  2  is  similar  to 
that  of  the  failed  AF-111, 
i.e.  decreased  Tg  and 
diminished  transition 
definitiveness.  To  further 
elucidate  the  effects  of 
aging,  DMA  was  conducted  on 
neat,  laboratory  aged  AF- 


111.  The  results  of  this 
analysis  are  shown  in 
Figure  3;  reduction  of  Tcj  , 
increased  tensile  storage 
and  loss  moduli  (E’  ,  E")  , 
and  increased  transition 
region  breadth  are  revealed 
by  the  aged  material , 

These  changes  are 
indicative  of  moisture 
ingression  and  the  general 
process  of  chemical 
crosslinking  that  network 
polymers  manifest  upon 
aging' ’  ’  .  Note  the  Tq 

differences  indicated  by 
DMA  and  DSC.  This  is  due 
to  the  time  dependency  of 
the  glass-rubber  transition 
which  effects  these  test 
methods  dif  ferently , 

DSC  analysis  was  augmented 
by  DRIFT  to  assure  complete 
cure  advancement  of  the 
failed  AF-111  adhesive. 
DRIFT  spectra  were  obtained 
from  the  failed  adhesive  a 
well  as  laboratory  prepare 
and  aged  specimens 
(Figure  4),  after  complete 
and  partial  cures  of  121'^C 
(250'"F)  and  93‘"C  (200”F) 
respectively.  As  a 
consequence  of  varied 
s amp le  sizes,  cure 
advancement  was  determined 
by  obtaining  the  baseline- 
peak  height  ratios  of  epoxy 
ring  to  aromatic  ether 
spectral  lines.  Table  1 
lists  these  ratios  for  each 
cure  condition  analyzed  and 
clearly  indicates  the 
complete  cure  of  the  failed 
adhesive  by  the  close 
proximity  of  ratios  of 
fully  cured  and  failed 
adhesive,  0.77  and  0.82 
respectively.  Although 
DRIFT  is  not  able  to  reveal 
essential  material 
performance  characteristics 
as  thermal  analysis,  i.e. 

Tq ,  moisture 
plasticization,  and 
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modulus,  it  successfully 
verified  the  failed 
adhesive  cure  state. 

Established  by  analytical 
support  from  DRIFT  and  DMA 
of  cure  advancement  and 
aging  effects  respectively, 
DSC  has  independently  and 
successfully  confirmed  the 
failed  AF-111  as  having 
realized  complete  cure, 
with  a  minimal  amount  of 
material.  This  eliminated 
incomplete  cure  as  a 
primary  cause  of  joint 
failure.  It  has  also 
enabled  the  detection  of 
aging  effects  and  the 
resulting  impact  on 
adhesive  performance. 

3.2  ADHESIVE  AND 
INTERFACIAL  CHARACTERISTICS 
WITHIN  A  BONDED  JOINT 

As  an  effective  technique 
for  quantifying  polymer 
viscoelastic  properties, 

DMA  is  extremely  sensitive 
to  subtle  second  order 
epoxy  transitions,  second 
phase  rubber  T^,  in  modified 
epoxies,  and  interfacial 
adhesion 

quality  ^  .  It 

thus  provides  a  powerful 
tool  in  analyzing  the 
characteristics  of  the 
modified  epoxy  adhesive  AF- 
163-2K  within  a  structural 
bonded  joint  and  the 
associated  integrity  of 
interfacial  adhesion 
following  various  adherend 
prebond  treatments. 

Prior  to  conducting  DMA  of 
small-scale  bonded 
laminates  (Figure  1)  , 
mechanical  tests  were 
performed  on  laminate 
joints  for  tensile  shear 
strength  (ASTM  D-3165)  and 
their  small-scale 
counterparts  (Figure  1) 


comparable  in  size  to  the 
DMA  specimens.  This  served 
as  a  basic  evaluation  of 
small-scale  joint 
performance.  Table  2 
lists  the  room  temperature 
laminate  tensile  shear 
strengths  for  all  specimen 
sizes.  The  comparable 
strengths  resulting  for 
full-  and  small-scale 
joints  serves  as  a  basic 
indicator  that  inherent 
processing  flaws  and 
adhesive  impurities  did  not 
adversely  effect 
performance  as  a  result  of 
size  reduction.  Thus,  the 
DMA  laminates  secured  from 
the  same  large  panels  as 
the  full-and  small-scale 
joints  tested  appear  to  be 
representative  of  adhesive 
and  interfacial  properties 
within  a  structural  bond. 

DMA  was  initially  conducted 
on  neat  AF-163-2K  cured  at 
121"’C  (250°F)  and  177“C 
(350‘^F)  both  before  and 
after  hygrothermal  exposure 
(Figures  5  and  6)  in  order 
to  establish  fundamental 
adhesive  properties  in  a 
non-bonded  configuration. 
Table  3  indicates  the 
transition  temperatures,  as 
determined  by  location  of 
Tan  6  peaks,  and  associated 
Tan  6  peak  values .  Tan  6 
is  defined  as  the  ratio 
between  the  energy  loss, 
due  to  molecular  motion  and 
phase  transition,  and  the 
maximum  energy  stored  in 
the  material  upon 
oscillation'"'’^  *  .  The 
anomalous  behavior  of  AF- 
163-2K  cured  at  121°C 
(25  0'^F)  in  comparison  to 
177°C  (350°F)  ,  as 
demonstrated  by  the  higher 
Tg,  and  lower  Tan  6tq 
values,  indicates  the 
dependency  of  molecular 
network  formation  on  the 
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cure  schedule.  The  higher 
TiinKfc::  and  lower  Tan  6  «Kv»c;  of 
177‘"’C  (350'^F)  cure  versus 
121“C  (250°F)  indicate  that 
the  rubber  phase  may  be 
more  tightly  bound  to  the 
matrix  as  a  result  of  the 
elevated  cure 
temperature'^®’ .  This 
secondary  AF-163-2K  peak 
revealed  in  Figures  5  and  6 
is  predominantly  assigned 
to  the  rubber  phase  T^  and 
dominates  the  epoxy  3  peak 
otherwise  expected  in  the 
same  low  temperature 
region'-''^^’  . 

After  equilibrium  moisture 
absorption  was  obtained 
during  hygrothermal 
exposure,  the  Tq  values  of 
specimens  cured  at  both 
high  and  low  temperatures 
were  essentially  equal,  as 
were  Tan  6tq  and  Tan  6 
values  (Table  3)  .  Tme^c- 
values  were  the  exception, 
with  the  elevated  cure 
demonstrating  a  higher 
value  as  was  the  case  prior 
to  exposure.  A  Tan  6 
transition  specifically 
related  to  moisture. 

Tan  6h:2o  ,  appeared  after 
cure  at  121'^C  C250'^F)  and 
exposure  (Figure  5) .  This 
is  not  present  in  the 
exposed  neat  elevated  cure 
AF-163-2K  (Figure  6) .  The 
low  temperature  cure  also 
realized  an  increase  in 
weight  over  the  elevated 
cure  by  43%  due  to  moisture 
ingression,  which  parallels 
the  emergence  of  Tan  6i-i3cd  , 
and  indicates  the 
dependency  of  molecular 
network  formation  on  cure 
schedule.  These  results 
parallel  those  obtained 
with  other  epoxy 
systems'''^--''""'-'’’  .  Comparison 
of  neat  adhesive  properties 
before  and  after  exposure 
following  both  cure 


temperatures  (Table  3) 
indicate  decreased  T^  and 
Tan  6Ta  due  to 
plasticization  and  the 
deleterious  effects  of  heat 
and  moisture  in 
c  ombinat i on . 

DMA  was  also  conducted  on 
bonded  laminate  and  single 
adherend  specimens  cured  at 
121°C  (250“F)  and  ITT'-'C 
(350‘=’F)  (Figures  7  and  8)  , 
both  before  and  after 
hygrothermal  exposure,  in 
order  to  determine  the 
effects  on  the  adhesive  of 
curing  within  bondline 
constraints  and  of 
interfacial  adhesion. 

Table  4  specifies  the 
transition  temperatures  and 
associated  Tan  6  peak 
values  of  bonded  and  single 
adherend  DMA  laminates. 
Trends  in  T^ ,  Tan  6 to , 

T,o<,i,c:  ,  and  Tan  for  the 

various  cure  and  exposure 
conditions  of  bonded 
laminates  and  single 
adherends  were  similar  to 
the  neat  adhesive  as 
expected.  The  exceptions 
were  Tan  6rg  of  the  low 
temperature  cure  after 
exposure,  which  was  less 
than  that  of  the  elevated 
cure,  Tiftt™,::  of  both  cure 
temperatures  after  exposure 
which  was  greater  than  that 
prior  to  exposure,  and 
Tan  which  was  greater 

prior  to  exposure  than 
after  for  the  121“C  (250"’F) 
c  ondit i on . 

In  demonstrating  the  effect 
on  fundamental  adhesive 
properties  as  a  result  of 
curing  within  a  bonded 
laminate  configuration  and 
in  elucidating  interfacial 
adhesion  characteristics, 
DMA  of  neat  adhesive, 
bonded  laminate,  and  single 
adherend  proved 
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advantageous.  Evaluation 
of  Figures  5,  6,  7,  and  8 
and  Tables  3  and  4  indicate 
the  Tt;.,  of  the  bonded 
laminate  in  all  cases  is 
greater  than  the  single 
adherend,  which  in  turn  is 
greater  than  the  neat 
adhesive.  Similar  trends 
have  been  reported  with 
filled  polymer  systems 
indicating  the  Tq  to  be  a 
measure  of  the  change  in 
polymer  matrix  properties 
due  to  addition  of  a  rigid 
second  phase  (filler),  this 
phenomenon  being 
independent  of  mechanical 
reinforcement  by  the 
f  iller'"^"’"  .  Such 

increases  in  have  been 
attributed  to  filler 
surface  area  effects, 
restriction  of  polymer 
molecular  motion,  packing 
density  changes  of  polymer 
chains,  and  modification  of 
conformation  and 
orientation  of  polymer 
chain  segments  as  a  result 
of  strong  interfacial 
fill er-polymer 
adhesion,  < _  With 
respect  to  a  strongly 
bonded  laminate 
configuration,  similar 
phenomena  should  result  at 
the  adher end-adhes ive 
interface.  This  was  in  fact 
indicated  by  the  Tq  trends 
noted  above.  In  other 
studies.  Ultrasonic 
Rayleigh  Wave  measurements 
conducted  on  aluminum 
adher end-epoxy  adhesive 
laminat es  ‘ ’  revealed  a 
shear  modulus  gradient 
through  the  bondline  region 
of  the  adhesive,  higher 
near  the  interface  for 
certain  adherend  prebond 
treatments.  This 
correlates  with  the 
observed  increase  in  Tq  due 
to  laminate  bonding  and 
indicates  the  altering  of 


adhesive  properties  near 
the  interface  by  strong 
interfacial  adhesion.  The 
Tan  6t<3  peak  values  also 
demonstrate  the  effects  of 
adhesion  as  the  neat 
adhesive  Tan  6to  was 
greater  than  that  of  the 
laminate,  which  was  greater 
than  the  single  adherend. 
This  illustrates  the 
restriction  of  damping 
enforced  by  bonding  and 
also  the  capability  of  the 
interface  to  dissipate 
inputted  mechanical  energy. 
These  results  also 
demonstrate  that  the  rubber 
phase  transition  is  made 
considerably  broad  and 
shifted  to  higher 
temperatures  as  a  result  of 
the  bonding  process, 
perhaps  reflecting  altered 
adhesion  with  the  matrix  as 
a  consequence  of  polymer 
matrix  alteration  by  virtue 
of  bonding  with  the 
adherend' ,  As  was 
illustrated  with  Tan  Stq ,  a 
similar  trend  follows  with 
Tan  6  c::  t  Thus ,  the 

process  of  bonding/adhesion 
is  seen  to  effect  both  the 
polymer  matrix  structure 
and  the  rubber-matrix 
adhesion . 

Various  primer  pre¬ 
treatments  were  applied 
with  the  intent  of  altering 
the  adhesive-adherend 
interface  for  correlation 
of  mechanical  analysis  with 
Tan  6  interfacial  adhesion 
characterization.  FRP 
specimens,  from  which  DMA 
specimens  were  secured 
(Figure  1) ,  were  prepared 
both  unprimed  and  with  a  t- 
aminopropyltri ethoxy  silane 
(A-llOO)  solution  applied 
at  pH  10  and  4 
respectively.  Peel 
strengths ,  Tan  6  peak 
values,  and  corresponding 
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transition  temperatures  are 
listed  for  each  prebond 
treatment  in  Table  5. 
Specimens  prepared  with 
A-llOO  solution  at  pH  4 
yielded  an  average  peel 
strength  similar  to  that 
obtained  when  no  primer  was 
applied.  In  both  cases, 
failure  modes  were  cohesive 
as  shown  in  Figure  9.  The 
A-llOO  prebond  treatment 
applied  at  pH  10  resulted 
in  lower  peel  strengths  and 
exhibited  an  adhesive 
failure  mode  (Figure  9)  . 
Corresponding  Tan  6tq 
traces  obtained  from  DMA 
laminates  of  FRP  specimens 
revealed  a  higher  Tan  6tq 
value  for  the  A-llOO  pH  10 
pretreatraent  as  compared 
with  the  other  pre¬ 
treatments.  Thus,  an 
inverse  correlation  was 
exhibited  between  Tan  6tq 
and  peel  strengths  for  the 
various  prebond  primer 
treatments.  Viewing  the 
interface  as  viscoelastic 
in  nature^^-'-'”  ,  this 
indicates  the  A-llOO  pH  10 
pretreatment  absorbed  more 
inputted  energy,  because 
the  primer  is  the  only 
variable  in  this 
comparative  study.  Thus,  a 
structurally  weaker 
interface  is  indicated  as 
was  well  demonstrated  by 
the  respective  peel 
strengths .  Similar 
phenomena  have  been 
reported  for  adhesion  of  a 
glass  fiber  reinforced 
polyester  composite  in 
which  Tan  6 ,  as  a  measure 
of  interfacial  adhesion 
quality,  was  correlated 
with  interfacial  shear 
strength  after  treatment  of 
the  glass  reinforcement 
with  various  primers*^*^’  . 
Glass  transition 
temperatures  also  reflect 
the  varied  interfacial 


quality  of  the  bonded 
laminates.  The  Tq  of 
unprimed  laminates  was 
greater  than  those 
pretreated  with  A-llOO  at 
pH  4  and  10,  both  of  which 
were  similar.  Analogous  Tg 
trends  have  also  been 
observed  with  treated 
fillers  in  polymer 
matrices  . 


4 .  CONCLUSIONS 

DSC  has  successfully 
determined  the  cure  state 
of  a  structural  adhesive 
obtained  from  an  in-service 
joint  failure  and 
effectively  distinguished 
the  results  of  aging  on 
this  adhesive.  DMA  of 
fully  cured  laboratory  aged 
adhesive  of  the  type  failed 
served  to  augment  the  DSC 
study  and  confirm  moisture 
plasticization  and 
molecular  structural 
effects  on  the  adhesive 
polymer.  The  cure  state 
was  also  validated  by 
conducting  DRIFT  on  the 
failed  adhesive  as  well  as 
laboratory  prepared  fully 
and  partially  cured 
specimens . 

DMA  of  bonded  and  single 
adherend  laminates 
permitted  exclusive 
elucidation  of  effects  on 
the  adhesive  resulting  from 
cure  within  a  bonded  joint 
and  interfacial  adhesion 
quality  within  a  bonded 
configuration.  Tan  6 
comparisons  of  neat 
adhesive  and  bonded 
laminates  revealed  that 
adhesive  polymer  matrix  and 
rubber-matrix  adhesion  of 
the  rubber  modified  epoxy 
adhesive  were  effected  by 
the  bonding  procedure.  The 
Tg  was  also  shifted  to 
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elevated  temperatures  as  a 
result  of  subjecting  the 
adhesive  to  bonding.  This 
phenomenon  is  analogous  to 
similar  trends  exhibited  by 
filled  polymer  systems  and 
correlates  with  Ultrasonic 
Rayleigh  Wave  studies  of 
shear  gradients  within 
epoxy  adhesive  bondlines. 
Hygrothermal  effects  of 
plasticization  on  the  neat 
adhesive  and  bonded 
laminates  were  also 
demonstrated  by  DMA.  The 
interfacial  adhesion 
quality  of  epoxy-aluminum 
bonded  laminates  was  also 
successfully  determined  by 
DMA.  This  was  accomplished 
by  comparison  of  peel 
performance  with  Tan  6t,:3 
values  of  corresponding 
laminates.  It  was 
determined  that  Tan  6to  was 
inversely  related  to  peel 
strengths  for  the  primer 
pretreatments  applied.  As 
such,  DMA  proved  a  powerful 
tool  for  evaluating  the 
viscoelastic  nature  of 
adherend  pretreatments  and 
mechanical  performance  of 
the  joint  interface 
respectively . 
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TABLE  1-DRIFT  peak  height  values  and  ratios  of  certain 

chemical  functional  groups  for  various  AF-111  cure 
conditions . 


Cure 

Condition 

Epoxy  Ring 
(830  cm-^) 

Aromatic  Ether 
(1250  cm“^) 

Epoxy  Ring/ 
Aromatic  Ether 

Full  Cure 
121‘--’C(250"^F) 

0.035 

0.046 

0.77 

Partial  Cure 
93°C<200°F) 

0.15 

0.093 

1.61 

Failed 

Adhesive 

0.007 

0.009 

0.82 

TABLE  2-Laminate  tensile  shear  strengths  of  various 
specimen  sizes  at  room  temperature. 


Full-Scale  Tensile 

Small-Scale  Tensile 

Cure 

Shear  Strength 

Shear  Strength 

Temperature 

ASTM  D-3165  kg/cm==  (PSI) * 

kg/cm=  (PSD  * 

121°C(250°F) 

332  (4720) 

356  (5063) 

177'=C(35Cr"F) 

390  (5543) 

371  (5270) 

* Average  values  of  five  specimens. 
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TABLE  3-Transition  temperatures  and  associated  Tan  6  peak 
values  for  neat  AF-163-2K  adhesive. 


Pre-Test 

Exposure 

Cure 

Temperature 

T.3°C 

(°F) 

Tan  6  t  q 

("’F) 

T*  &  (S  ^  ct: 

Unexposed 

121“C 
(250^  F) 

147 

(297) 

0.55 

-42 

(-44) 

0.045 

177‘"C 
(350“  F) 

134 

(273) 

0.65 

-39 

(-38) 

0.039 

2wks/82”C 
(180°  F)/ 
100%  R.H. 

121“C 
(25  0“F) 

105 

(221) 

0.42 

-44 

(-47) 

0.053 

177“C 

C350“F) 

106 

(223) 

0.41 

-4  0 
(-40) 

0.056 

TABLE  4-Transition  temperatures 
values  for  bonded  and  s 

and  associated  Tan  6  peak 
ingle  adherend  laminates. 

Joint  Type 

(Pre-Test 

Expo'sure) 

Cure 

Temperature 

Ta“C 

C"F) 

Tan  6tc 

T».:«r.“C 

(”F) 

X  3.  n  S  U6  «•»  tr. 

Bonded 

121“C 

174 

0.197 

2 

0.023 

Laminate 

(25  0“F) 

(345) 

(36) 

(unexposed) 

177“C 

166 

0.260 

4 

0.012 

(350“F) 

(331) 

(39) 

Bonded 

121“C 

136 

0.176 

8 

0.017 

Laminat  e 

(25  0“F) 

(277) 

(4  6) 

(2wks/82“C 

(180“  F)/ 

177“C 

134 

0.220 

10 

0.015 

100%  R.H.) 

(350“  F) 

(273) 

(50) 

Singl e 

121“C 

166 

0.037 

-36 

0 . 004 

Adherend 

(25  0"^F) 

(331) 

(-33) 

(unexposed) 

ITT-C 

161 

0.040 

-27 

0.003 

(35  0“F) 

(322) 

(-17) 
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TABLE  5-Transiton  temperatures,  Tan  6  peak  values,  and  peel 
strengths  of  bonded  laminates  with  various  prebond 
primer  treatments. 


Primer 

Cure 

Temperature 

C"F) 

Tan  6t« 

■r  of* 

1  c: 

(OF) 

T  3.  n  6  05  c-»  c- 

Peel 

kg/ cm  wd 
(PIV)* 

None 

121°C 
(25  0'^F) 

168 

(334) 

0.140 

-32 

(-27) 

0.002 

17.5 

(98) 

A-llOO 

pH=4 

121“C 

(250'-F) 

166 

(330) 

0.146 

-34 

(-29) 

0.002 

17.3 

(97) 

A-llOO 

pH=10 

121°C 

(250‘-F) 

166 

(330) 

0.160 

-35 

(-31) 

0.002 

15.7 

(88) 

* Average  values  of  five  specimens. 
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BONDED  LAMINATE 
;  SELECTED  FROM  PEEL  PANEL 


SINGLE  ADHERENDI 


OVERLAP  SHEAR  JOINT 
(ASTM  D-3165)i 


FIGURE  1-Small  scale  DMA  laminates,  joint,  and  neat 
adhesive . 
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ENDOTHERM  EXOTHERM 


CURE  TEMPERATURE 
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A  H 


ngoc 


lOA^C  (ai4°F) 


8.4  J/g 


40  60  80  100  120  140  160  180  aOO 

TEMPERATURE  (°C) 

FIGURE  2-AF-lll  adhesive  DSC  scans  following 
temperatures  and  aging. 


FAILED 
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AGED  6  MO. 


121‘>C  (250‘>F) 


107°C  (225°F) 


93®C  (200OF) 


UNCURED 


220  240 

various  cure 
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TENSILI  STORAGE  MODULUS  (OPa) 


40  60  80  100  130  140  160  180  200  220  240  260 


TEMPERATURE  (”€) 

FIGURE  3-DMA  of  AF-111  adhesive  immediately  following  and 
six  months  after  a  complete  121'^C  (250“F) 
cure  cycle. 
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TENSILE  LOSS  MODULUS  (GPa) 


AF-1 11  ADHESIVE:  200 °F  CURE 


50.2 


S  0  1 
< 


AROMATIC  ETHER  | 

/  EPOXY  RING^ 


AMINE  (PRIMARY.  SECONDARY)  AND 
ALCOHOL  (SECONDARY) 

/  i  CYANO  GROUP 


TAN  DELTA  _  TAN  DELTA 


0.6 


-100  -60 


-20 


100 


140 


180 


20  60 
TEMPERATURE  (DEG  C) 

"IGURE  5-DMA  of  neat  adhesive  after  121'^C  (250'^ F)  cure. 


220 


TEMPERATURE  (DEG  C) 

FIGURE  6-DMA  of  neat  adhesive  after  177“C  (350'^ F)  cure. 
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□  LAMINATE  JOINT 

+  LAMINATE  JOINT  EXPOSED 
(2  WKS/82<>C/100%  R.H.) 

O  SINGLE  ADHEREND 


-100  -AO  -20  20  60  100  140  180  220 

TEMPERATURE  (DEG  C) 

FIGURE  7-DMA  of  adhesive  laminates  after  121‘^’C  (250‘"’F) 
cure . 


LAMINATE  JOINT 

LAMINATE  JOINT  EXPOSED 
(2  WKS/82°C/100%  R.H.) 

SINGLE  ADHEREND 


TEMPERATURE  (DEG  C) 

FIGURE  8-DMA  of  adhesive  laminates  after  IVy^C  (350“F) 


cure . 


PRIMERrORGANORJNCTIONAL  SILANE  (A-1100)  pH  10 


PRIMER:  ORGANOFUNCTIONAL  SILANE  (A-1100)  pH  4 


FIGURE  9-Peel  specimens  of  various  prebond  primer 
treatments  after  failure. 
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DURABILITY  OF  STRUCTURAL  ADHESIVE  BONDS  IN  A  HOSTILE  ENVIRONMENT 
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Center  for  Adhesion  Science 
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Abstract 


Three  surface  chemistry  aspects  of  the  bonding  of  Ti-6A1-4V  alloy  with 
FM-300U  epoxy  adhesive  were  studied.  First,  x-ray  photoelectron 
spectroscopy  (XPS)  was  used  to  follow  surface  contamination  of 
pretreated  Ti  6-4  adherends  prior  to  adhesive  bonding.  Second,  the 

determination  of  values  for  adhesively  bonded  Ti  6-4  wedge  samples 

which  failed  cohesively  in  one  case  and  interfacially  in  another  case 
was  attempted.  Third,  moisture  intrusion  into  adhesively  bonded  wedge 
samples  was  monitored  by  quantitative  image  analysis  and  by  XPS. 
Failure  became  more  interfacial  as  the  samples  were  exposed  to  longer 
periods  of  immersion  in  water.  The  results  suggest  non-Fickian 
diffusion  of  water  into  the  bondline. 


1.  INTRODUCTION 

The  durability  of  structural 
adhesive  bonds  in  hostile 
environments  is  an  area  of 
continuing  research  (1-3). 

The  main  advantage  in  using 
adhesives  for  structural 
applications  is  the  high  strength 
to  weight  ratio  of  the  bonded 
components.  There  is  also  an 
increase  in  design  flexibility. 
However  with  the  use  of 
structural  adhesives,  a  severe 
limitation  commonly  observed  is 
the  detrimental  effect  of 
moisture  on  the  bond  strength 
(4).  Some  studies  have  dealt 
with  the  behavior  of  water  in 
cured  epoxy  resin  from  the  point 
of  water  absorption  and 
diffusion.  The  behavior  of  water 
at  the  interface  in  an  adhesive 
bond  has  not  yet  been  clarified 
quantitatively  (5).  The  loss  of 
bond  strength  and  the  mechanisms 
involved  in  environmental  failure 
of  structural  adhesive  joints  are 
not  well  understood.  The  work 
presented  in  this  paper  was  done 


to  quantify  the  effect  of  a 
contaminating  environment  on  the 
surface  composition  of  pretreated 
Ti  6-4  adherends  and  to  study 
moisture  intrusion  into  an 
epoxy /Ti  6-4  wedge  sample. 


2.  EXPERIMENTAL 

The  materials,  procedures 
and  techniques  used  in  this  study 
are  described  below. 

2.1  Contamination  Study 

Coupons  of  Ti  6-4  alloy  were 
pretreated  using  a  phosphate- 
fluoride  etch  (6).  The  samples 
were  placed  immediately  after 
pretreatment  in  a  Perkin-Elmer 
5300  XPS  spectrometer.  After 
obtaining  the  initial  spectrum, 
the  sample  was  cleaned  in  situ 
using  an  argon  ion  beam.  A 
second  spectrum  was  obtained  on 
the  cleaned  sample.  The  sample 
was  then  removed  from  the 
spectrometer  and  exposed  to  air 
for  a  specified  period  of  time. 
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The  sample  was  reinserted  in  the 
spectrometer  and  a  third  spectrum 
was  obtained  followed  by  ion 
bombardment.  This  process  was 
repeated  several  times.  XPS 
angle  studies  (90°,  30°  and  10°) 
were  also  performed. 

2. 2  Directed  Failure  Study 

Wedge  samples  were  prepared  from 
pretreated  Ti  6-4  coupons  bonded 
with  FM-300U  epoxy.  Precracks 
were  initiated  in  separate 
samples  with  the  use  of  Teflon 
film  placed  in  the  center  of  the 
bondline  and  at  the  adhesive/ 
adherend  interface.  A  wedge  was 
inserted  and  driven  manually  into 
the  sample. 

2. 3  Moisture  Intrusion 

Moisture  intrusion  into  wedge 
samples  was  studied  by  placing 
the  wedge  samples  described  in 
Section  2.2  above  in  deionized 
water  at  98°C  for  varying  times. 
The  samples  were  removed  from  the 
water.  One  set  of  samples  were 
opened  by  a  wedge  driven  manually 
into  the  samples.  The  other  set 
of  samples  had  a  precrack  of 
about  6  cm  made  in  the  bondline. 
The  samples  were  then  opened  and 
the  critical  load  (P^,)  was 
determined  using  an  Instron  model 
1123.  Values  of  Gj^,  the 
critical  strain  energy  release 
rate,  were  calculated  using  the 
equation 

Gjc  =  12  P^^a^/B^  Eh^ 

where  a  is  the  length  of  the  pre¬ 
crack  [6  cm],  B  is  the  adherend 
width  [2.54  cm],  E  is  the  modulus 

of  the  adherend  [1.14  x  10^^ 

Pascals]  and  h  is  the  adherend 
thickness  [0.38  cm].  The  failure 
surfaces  were  analyzed  by 
quantitative  image  analysis  and 
by  XPS. 


3.  RESULTS  AND  DISCUSSION 

The  results  of  the  three 
phases  of  this  work  are  presented 
and  discussed  below. 

3.1  Contamination  Study 

It  is  well  known  that  pretreated 
solid  surfaces  contaminate 
readily  upon  exposure  to 
laboratory  conditions.  However, 
the  type,  extent,  and  speed  of 
contamination  is  not  often 
documented  (7)  particularly  in 
adhesion  studies.  Ti  6-4  samples 
were  pretreated  with  a  phosphate- 
fluoride  etch  and  then  exposed  to 
the  lab  atmosphere  for  varying 
amounts  of  time.  Careful 
attention  was  paid  to  the 
reference  binding  energy  of  the 
carbon  Is  photopeak  in  order  to 
give  an  unambiguous  assignment  of 
the  bonding  state  of  carbon  on 
the  pretreated  surface.  The 
results  are  summarized  in  Table 
I.  Contamination  is  rapid  and  is 
limited  to  the  topmost  surface  of 
the  pretreated  Ti  6-4  adherend. 

3.2  Directed  Failure  Study 

This  study  is  an  initial  attempt 
to  measure  a  material  property  of 
the  interphase  region  critical  in 
the  modeling  of  adhesive  bonding. 
Cohesive  failure  was  easy  to 
initiate  and  measure 
reproducibly.  On  the  other  hand, 
although  failure  could  be 
initiated  nominally  at  the 
interface,  the  crack  would 
immediately  jump  into  the 
adhesive  precluding  measurement 
of  the  interfacial  strain  energy 
release  rate  at  the  interface. 

3.3  Moisture  intrusion 

The  initial  study  here  was 
concerned  with  the  quantitative 
image  analysis  of  wedge  samples 
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opened  after  varying  periods  of 
exposure  in  hot  water.  Sketches 
of  the  appearance  of  the  failure 
surfaces  after  different  exposure 
times  are  shown  in  Fig.  1.  The 
percentage  of  adhesive  area  on 
the  failure  surface  is  plotted  as 
a  function  of  exposure  time  in 
Fig.  2.  It  is  assumed  that 
diffusion  of  water  into  the 
bondline  produces  delamination. 

A  linear  decrease  is  noted  in 
Fig.  2  consistent  with  non- 
Fickian  diffusion  of  water  into 
the  bondline. 

The  critical  strain  energy 
release  rate  was  determined  in  a 
more  extensive  study.  Values  of 
Gj^  are  plotted  against  exposure 

time  in  Fig.  3.  Again,  a  linear 
decrease  was  observed  consistent 
with  the  results  seen  in  Fig.  2. 
The  zero  day  sample  is  taken  as 
the  control.  The  failure 
surfaces  in  the  more  extended 
study  were  also  analyzed  by  XPS 
and  the  results  are  shown  in 
Table  II.  The  C/Ti  ratio 
decreased  with  increasing 
exposure  times  indicating 
decreasing  amounts  of  residual 
adhesive  left  on  the  failure 
surface.  Nitrogen  is  a  tag 
element  contained  in  the  epoxy 
and  the  N/Ti  ratio  parallels  the 
trend  seen  for  the  C/Ti  ratio. 

The  oxygen  photopeak  for  the  four 
failure  surfaces  shown  in  Fig.  4 
support  the  decreasing  amount  of 
residual  epoxy  adhesive  with 
increasing  exposure  time.  A 
doublet  is  clearly  seen  for  the  7 
day  sample.  The  higher  binding 
energy  peak  at  about  533  eV  is 
associated  with  oxygen  in  the 
epoxy  and  is  seen  to  decrease  in 
intensity  with  increasing 
exposure  time.  Conversely,  the 
lower  binding  energy  peak  at 
about  531  eV  associated  with 
oxygen  in  the  surface  oxide  on 
the  Ti  6-4  adherend  is  seen  to 
increase  in  intensity  with 
increasing  exposure  time. 


4.  SUMMARY 

The  contamination  of 
pretreated  Ti  6-4  adherend 
surfaces  is  rapid  and  is  due  to 
partially  reversible,  multilayer 
adsorption  of  organic  vapors  from 
the  lab  environment.  Crack 
propogation  in  wedge  samples  is 
not  controlled  simply  by  location 
of  the  precrack.  Critical  strain 
energy  release  rates  can  be 
obtained  as  a  function  of  time 
for  environmentally  exposed  wedge 
samples  and  the  values  decrease 
as  exposure  time  in  hot  water 
increases.  Failure  becomes  more 
interfacial  as  the  wedge  samples 
are  exposed  for  longer  times  and 
the  diffusion  of  moisture  is  non- 
Fickian. 
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TABLE  I 


XPS  ANALYSIS  OF  P/F  ETCHED  TI  6-4 


Time  Interval 

Take-Off 

Angle 

Atomi c 
C/Ti 

Fraction 

0/Ti 

Ar  Sputtered 
C/Ti  0/Ti 

30  sec 

90 

1.5 

4.1 

0.68 

4.1 

60  sec 

90 

1.2 

4.0 

0.59 

3.8 

150  sec 

90 

1.3 

4.1 

0.68 

3.8 

300  sec 

90 

1.2 

4.2 

0.47 

3.9 

13  hrs 

90 

1.3 

3.4 

13  hrs 

30 

1.8 

3.5 

13  hrs 

10 

3.3 

3.9 

Time  Immersed 
(98°C  H2O) 

TABLE  II 

XPS  ANALYSIS  OF  FAILURE 

Visual 

Appearance 

SURFACES 

C/Ti 

N/Ti 

0  days 

Adhesive 

190 

1.6 

7  days 

Film 

13 

0.47 

28  days 

Metal 

6.4 

0.18 

P/F  only 

Metal 

1.3 

0 
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AREA  COVERED  BY  ADHESIVE  (percent) 


1  DAY 


7  DAYS 


14  DAYS 


Figure  1.  Sketch  of  failure  surfaces  after  opening  experimentally  aged 
samples. 


TIME  IMMERSED  (days) 

Figure  2.  Quantitative  image  analysis  of  failure  surfaces  after  opening 
environmentally  aged  samples. 
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(  jUi/sqi-ui  ) 


TIME  IMMERSED  (days) 

Figure  3.  Values  of  determined  for  environmentally  aged  samples. 


Figure  4.  XPS  01s  photopeaks  from  failure  surfaces  for  environmentally 
aged  samples. 
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ABSTRACT 


The  degradation  of 
rubber  to  metal  bonds 
exposed  to  marine 
environments  is  discussed. 
The  primary  cause  of  bond 
deterioration  is  found  to  be 
a  cathodic  delamination 
mechanism  similar  to  that 
observed  with  thin  organic 
coatings.  A  model  for 
debonding  is  presented, 
along  with  observations 
which  may  suggest  design 
modifications  to  improve 
reliability. 


INTRODUCTION 


Elastomer  to  metal 
bonding  is  an  important 
adhesion  problem  for  a 
variety  of  modern  structures 
and  components.  Major 
applications  include  the 
aut omot ive ,  tire, 
shipbuilding,  and  off-shore 
drilling  industries.  In 
these  applications,  the 
rubber  may  serve  to  inhibit 
corrosion,  to  seal  the 
component  from  intrusion  of 
unwanted  substances,  or  as  a 
load  bearing  structure. 
Although  acceptable  bonds 


are  routinely  produced  for 
many  of  these  functions, 
bond  durability  can  be  a 
problem  upon  exposure  to 
certain  environments.  This 
paper  will  address  the 
durability  of  rubber  to 
metal  bonds  for  marine 
applications. 


Under  favorable 
conditions,  rubber  to  metal 
bonds  are  quite  stable  in 
seawater  environments ,  but 
the  presence  of  small 
amounts  of  cathodic 
potential  can  rapidly 
deteriorate  the  adhesive 
bond.  Cathodic  potential 
may  be  provided  by  the 
galvanic  action  of 
dissimilar  metals.  This 
situation  is  intentionally 
created  on  many  marine 
structures  by  the  use  of 
sacrificial  anodes. 
Ironically,  these  anodes 
serve  to  protect  the  steel 
hull,  but  degrade  the 
performance  of  rubber  bonds, 
paint,  and  other  organic 
coatings.  Even  if  the  metal 
substrates  are  initially 
electrically  insulated  from 
the  anodes,  corrosion 
products  and  sediment  can 
build  up  on  the  components 
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to  permit  the  flow  of 
electrons.  Evidence  is  even 
pointing  to  the  possibility 
of  localized  anodic  and 
cathodic  regions  on  the 
metal  substrate  which  may 
provide  an  electron  supply 
under  certain  circumstances. 
Cathodic  debonding  processes 
have  been  widely  studied  by 
researchers  in  the  area  of 
thin  organic  coatings  [2-4]. 
When  metallic  substrates  are 
exposed  to  aqueous  salt 
solutions  and  supplied  with 
free  electrons,  reduction  of 
dissolved  oxygen  or  water  at 
the  adhesive  to  metal  oxide 
interface  occurs  according 
to  the  following  formulae: 

O2  +  2H2O  +  4e“  =  40H“ 
or 

2H2O  +  2e“  =  20H“  +  H2 

In  seawater,  oxygen 
reduction  is  favored  at  low 
cathodic  potentials  and 
hydrogen  reduction  is 
favored  at  higher 
potentials.  Note  that 
either  reaction  increases 
the  pH  around  the  metal 
substrate.  When  these 
reaction  products  are 
sequestered  inside  a  small 
debonded  region,  an 
extremely  high  pH  can 
result.  Several  mechanisms 
have  been  proposed  to 
explain  the  relatively  rapid 
debonding  that  results  from 
the  alkaline  environment. 
Leidheiser  and  co-workers 
[2,3]  feel  that  the  high  pH 
may  cause  the  oxide  layer  to 
deteriorate.  Koehler  [4] 
maintains  that  the  high  pH 
may  cause  the  polymer  to 
have  more  attraction  for 
water  molecules  than  for  the 
metal  oxide.  This  causes 
the  polymer  to  metal  oxide 
bond  to  be  displaced  by  a 


water  layer,  greatly 
reducing  the  strength  of 
adhesion.  Other 
investigators  [5]  have 
indicated  that  the  probable 
mode  of  failure  is 
hydrolysis  or  saponification 
of  the  polymer  by  the  high 
pH  environment  induced  in 
the  coating  near  the 
interface. 

The  actual  mechanism  of 
bond  weakening  and  failure 
is  not  clearly  understood. 
Each  of  the  mechanisms  are 
supported  by  certain 

experimental  results,  but 
each  method  also  has 
problems  associated  with  it. 
Indeed,  it  is  possible  that 
the  actual  failure  process 
may  depend  on  a  combination 
of  these  methods,  and  it  is 
possible  that  the  mechanism 
may  change  as  one  goes  from 
one  metal  substrate,  organic 
coating,  and  environment 
system  to  another.  For  the 
case  of  neoprene  bonded  to 
ANSI  1026  steel  with  a 
vulcanizing  primer  and 
topcoat  of  interest  in  the 
present  study,  further  tests 
are  being  performed  to 
better  understand  the  actual 
mechanism.  The  purpose  of 
this  paper,  however,  is  to 
discuss  some  of  the 
mechanics  issues  which 
influence  debonding  rate. 

A  variety  of  tests  have 
been  advocated  for 
evaluating  the  adhesion  of  a 
flexible  layer  bonded  to  a 
rigid  substrate.  The  cone 
test  (ASTM  D-429)  has  been 
widely  used  for  measuring 
the  adhesion  of  rubber  to 
metal  substrates.  The 
design  of  this  test  causes 
debonding  to  initiate  at  the 
interior  of  the  specimen, 
however,  making  it 
inappropriate  for  tests 
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subjected  to  environmental 
exposure.  A  number  of 
different  specimens  have 
been  based  around  the  peel 
concept.  These  include  the 
climbing  drum  peel  test 
(ASTM  D-1781) ,  the  floating 
roller  peel  test  (ASTM 
D-3167) ,  and  the  simple  peel 
test,  using  180°  peel  (ASTM 
D-903)  or  other  angles. 
Unfortunately,  most  of  these 
tests  are  quite  cumbersome 
to  use  in  a  harsh  liquid 
environment.  In  an  effort 
to  avoid  some  of  the 
problems  associated  with 
these  specimens  for  our 
application,  several 
alternate  techniques  have 
been  developed. 

A  blister  specimen  was 
utilized  for  testing,  but  it 
required  rather  large 
amounts  of  rubber  to  achieve 
high  enough  strain  energy 
release  rates.  It  was  also 
difficult  to  accurately 
monitor  the  debond  radius  on 
this  type  of  specimen. 
Liechti  [6]  developed  a 
strip  blister  specimen  which 
involved  a  25  mm.  wide  strip 
of  steel  with  rubber  bonded 
to  one  side.  By  inserting 
a  dowel  into  an  initial 
debond  in  the  specimen,  the 
specimen  could  be  loaded  to 
various  strain  energy 
release  rates.  The  open 
design  of  the  specimen 
permitted  measurement  of 
debond  distance  with 
specially  shaped  calipers. 
This  specimen  has  proved  to 
be  quite  useful  for  the 
systems  being  studied  and  is 
being  used  extensively  at 
the  present  time.  By 
bonding  a  thin  layer  of  the 
neoprene  between  steel 
adherends,  a  double 
cantilever  sandwich  beam  was 
produced  [7].  Using  the 
analysis  of  a  beam  on  an 


elastic  foundation,  strain 
energy  release  rates  could 
be  estimated. 


The  tests  reported 
herein  were  conducted  on  a 
commercially  available 
primer  and  topcoat  of  a 
vulcanizing  adhesive. 
Boerio  [8]  has  studied 
several  of  the  currently 
available  vulcanizing 
adhesives  for  bonding  rubber 
to  metals  and  has  found  that 
several  of  these  products 


are  quite  similar  in 
composition.  The  primers 
normally  consist  of  a  phenol 
formaldehyde  base  perhaps 
blended  with  a  chlorinated 
rubber  and  containing  a 
variety  of  fillers  which  may 
include  carbon  black,  rutile 
titanium  oxide,  zinc  oxide, 
and  aluminum  silicate.  The 
topcoats  showed  more 
variability,  but  appear  to 
consist  primarily  of  a 
chlorinated  rubber  base. 
Actual  tests  conducted  on 
several  different  adhesive 
systems  have  also  revealed 
similar  failure  modes  and 
rates  of  debonding.  Thus 
the  information  presented 
herein  should  be  typical  of 
several  of  these  closely 
related  systems. 


In  order  to  learn  more 
about  the  components  of  the 
selected  adhesive  system  and 
the  role  each  played  in  the 
failure  process,  it  became 
desirable  to  fabricate  neat 
specimens  of  the  components. 
Because  of  the  high  solvent 
content  of  the  primer  and 
the  very  brittle  nature  of 
the  residual  solid,  these 
specimens  were  difficult  to 
cast.  Several  techniques 
were  tried  including  drawing 
thin  layers  of  film  on  glass 
or  Teflon  plates  and  casting 
films  on  mercury.  The 
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quality  of  the  films 
produced  on  the  mercury  was 
quite  good  because  there  was 
no  resistance  to  shrinkage 
as  the  solvent  evaporated. 
This  produced  films  without 
significant  cracking.  In  an 
effort  to  avoid  the  mercury 
exposure  hazard,  thin  films 
were  then  cast  directly  onto 
a  woven  glass  cloth.  Again 
the  cloth  appeared  to  be 
flexible  enough  to  minimize 
the  shrinkage  cracking. 

These  films  were  separated 
from  the  cloth,  stacked 
together,  and  molded  at 
vulcanizing  temperature  and 
pressure  into  solid 
specimens  large  enough  for 
mechanical  characterization. 
The  quality  of  these 
specimens  seemed  acceptable 
for  conducting  mechanical 
tests  and  moisture 
ingression  tests.  Specimens 
of  the  topcoat  material  were 
difficult  to  fabricate 
because  of  apparent 
outgassing  of  the  specimens 
during  cure.  The  void 
content  of  these  specimens 
was  high,  but  the  ductile 
nature  of  the  material 
permitted  mechanical  tests 
to  be  performed  without 
premature  fracture.  Figure 
1  gives  the  stress  strain 
diagrams  of  topcoat  and 
primer  specimens 
illustrating  the  ductile  and 
brittle  natures, 
respectively.  A  50%/50% 
blend  of  the  two  components 
was  molded  into  a  specimen 
to  simulate  the 
interdiffusion  which  might 
occur  between  the  relatively 
thin  layers  within  an  actual 
bond.  The  blend  shows  good 
stiffness  and  toughness 
properties,  although  we  do 
not  presume  that  this 
material  is  necessarily 
representative  of  the 
polymer  in  the  actual  bond. 


Neat  primer  specimens 
were  subjected  to  exposure 
in  various  environments  and 
evaluated  in  terms  of  mass 
uptake  and  residual 
mechanical  properties.  DMA 
analysis  revealed  that  the 
exposure  did  reduce  the 
glass  transition  temperature 
of  the  cured  primer  material 
and  there  was  also  a  drop  in 
the  mechanical  properties. 

Exposure  seemed  to  reduce 
the  modulus  by  roughly  50%, 
although  there  was  quite  a 
bit  of  scatter  between 
specimens . 

The  mass  uptake  studies 
revealed  some  interesting 
data  as  shown  in  Fig.  2. 
The  neat  primer  samples  all 
showed  significant  moisture 
uptake  in  NaOH  environments. 
Although  the  uptake  occurred 
slower  at  lower 
concentrations,  it  appears 
that  the  total  mass  uptake 
at  various  concentrations  is 
quite  comparable.  It  is  not 
clear  why  the  mass  uptake  at 
3.0  N  NaOH  is  faster  than 
for  the  10.0  N  solution. 

When  the  specimens  were 
dried  in  an  oven  at  the  same 
temperature  as  the 
conditioning  bath,  moisture 
came  out  of  the  specimens 
much  more  rapidly  than  it 
had  gone  in.  This  suggests 
that  a  chemical  reaction  had 
taken  place  which 
significantly  changed  the 
properties  of  the  material. 
After  drying,  the  specimens 
were  returned  to  their 
respective  environments. 
Again  the  mass  uptake 
occurred  very  rapidly. 
Interestingly,  the  specimens 
returned  to  there  respective 
mass  levels.  For  these  thin 
specimens,  it  is  believed 
that  the  initial  mass  uptake 
in  the  high  pH  environments 
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is  controlled  by  the  rate  at 
which  the  polymer  degrades. 
This  produces  mass  uptake 
curves  which  are  linear  in 
time  space  rather  than 
square  root  of  time  space  as 
would  be  the  case  for 
Fickian  diffusion. 

Figure  3  gives  a  clue 
as  to  the  probable  amount  of 
NaOH  which  entered  the 
specimen  conditioned  in  IN 
NaOH  showing  the  mass  uptake 
curve  for  a  specimen  which 
was  initially  exposed  to  IN 
NaOH,  dried,  and  then 
exposed  to  deionized  water 
(DIW) ,  and  finally  redried 
again.  The  mass  uptake  in 
the  specimen  in  DIW  was 
quite  fast,  but  the 
equilibrium  amount  was  less 
than  would  have  been 
achieved  in  the  original 
alkaline  bath.  Upon 
redrying,  a  very  large 
amount  of  mass  was  lost, 
suggesting  that  NaOH  within 
the  specimen  had  leached 
out.  One  might  speculate 
that  a  substantial  amount  of 
the  specimen  may  have 
leached  out  during  the  first 
exposure,  only  to  be 
replaced  by  NaOH,  thus 
resulting  in  a  very  small 
mass  change  between  the 
original  sample  mass  and  the 
mass  of  the  redried  samples 
in  Figure  2 . 

Surface  analysis  of 
these  neat  primer  samples 
also  revealed  that  there  has 
been  a  break  down  of  the 
polymer.  ESCA  results 
revealed  that  carbon 
linkages  were  being  broken 
to  form  carboxylates  and 
carbonates.  The  chlorine  in 
the  chlorinated  rubber 
component  appeared  to  show 
some  signs  of  deterioration 
as  evidenced  by  the  rise  of 
an  inorganic  chlorine  peak. 


Similar  analyses  conducted 
on  the  steel  and  rubber 
sides  of  failed  bonds  also 
revealed  similar  results. 

An  important  question 
is  the  role  which  stress 
plays  on  the  rate  at  which 
bond  degradation  and  failure 
occurs.  It  has  been 

observed  that  by  applying  a 
sufficient  opening  mode 
stress  to  the  debond,  the 
rate  of  debonding  is 
increased.  One  possible 
explanation  is  that  the 
tensile  stress  increases  the 
free  volume  of  the  polymer 
and  hence  the  diffusion 
rate.  An  examination  of  the 
stresses  required  to  affect 
such  a  change,  however, 
suggests  that  this  does  not 
account  for  the  significant 
effects  which  are  observed. 
It  does  appear  that  the  peel 
stresses  can  accelerate  the 
physical  separation  of  the 
rubber  from  the  steel.  This 
shortens  the  diffusion 
distance  and  therefore  can 
speed  up  the  diffusion 
process . 

Figure  4  illustrates  a 
bonded  diffusion  specimen 
which  was  utilized  to 
investigate  diffusion  rates 
along  an  actual  bond. 
Specimens  were  exposed  to  a 
given  environment  and 
removed  after  various 
exposure  times.  The  bonds 
were  pulled  open  and  the 
amount  of  bond  degradation 
could  be  measured  easily 
because  the  failure  was 
interfacial  where  bond 
degradation  had  occurred, 
but  cohesive  in  the  rubber 
where  the  bond  had  not  been 
degraded.  The  figure  also 
shows  a  darker  region  where 
the  bond  has  regained  some 
strength  upon  drying  judging 
by  the  increase  in  number  of 
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rubber  ligament  pull-outs 
that  often  coincide  with 
grit-blast  crater  tops. 
Figure  5  shows  the  distances 
which  the  bond  degradation 
had  progresses  compared  to 
the  square  root  of  time. 
The  data  strongly  suggests 
that  in  the  absence  of 
applied  stresses,  the  bond 
degradation  is  limited  by  a 
diffusion  process  that 
resembles  Fickian.  The 
non-Fickian  behavior 
observed  in  the  neat  primer 
specimens  were  probably  due 
to  the  fact  that  these 
specimens  were  thin  enough 
that  the  chemical  reaction 
provided  more  limitation  to 
penetration  that  the 
diffusion  process.  For 
longer  diffusion  distances, 
however,  the  diffusion 
process  limits  the  rate  as 
is  the  case  for  the  bonded 
diffusion  specimens. 

Tests  on  specimens 
loaded  with  peeling  stresses 
show  that  the  rate  of 
debonding  is  relatively 
constant.  A  possible 
scenario  is  that  the  bond 
degradation  results  in  a 
weakened  region  which  can 
not  maintain  the  tensile 
stresses  and  fails.  This 
shortens  the  diffusion  path 
and  the  process  continues  as 
long  as  the  stress  is 
maintained.  Over  at  least 
some  range  of  stress  levels, 
the  rate  of  debonding  is 
only  moderately  affected  by 
the  stress  level. 

Tests  were  also 
conducted  with  the  bond  in 
compression.  Initial 
results  showed  that  the 
compressive  stresses  slowed 
down  the  diffusion  rate  in 
proportion  to  the  amount  of 
stress  applied.  More  recent 
tests  have  failed  to  repeat 


this  behavior  and  further 
testing  is  underway  to 
evaluate  this  effect. 

Several  types  of 
specimens  were  tested  with  a 
shear  load  applied.  Shear 
stresses  large  enough  to 
produce  as  much  as  160% 
shear  strain  in  the  neoprene 
did  not  appear  to  affect  the 
debond  rate  at  all.  The 
only  exception  to  this  is  on 
the  leading  edge  of  the  bond 
where  peel  stresses  are  also 
induced. 

At  this  time  it  appears 
that  the  peel  stresses  can 
significantly  affect  the 
debonding  rate,  largely  due 
to  the  changing  boundary 
conditions  for  the  diffusion 
process.  Compression 
stresses  may  have  some 
beneficial  effect,  but  this 
is  not  entirely  clear  at  the 
present  time.  In  order 
improve  the  durability  of 
these  joints  in  service,  it 
is  advantageous  to  minimize 
any  possible  peel  stresses 
and  to  increase  the  length 
of  the  bond  as  long  as 
possible  to  increase  the 
amount  of  time  for 
penetration  to  occur. 


In  summary,  the 
debonding  process  of 
neoprene  to  steel  in  a 
marine  environment  in  the 
presence  of  cathodic 
potential  is  closely  tied  to 
the  diffusion  process  of 
water  into  the  adhesive 
layer.  Initially  a  small 
amount  of  moisture  diffuses 
into  the  adhesive  layer  and 
forms  an  electrolyte  for  the 
reduction  process  to  begin. 
Either  reduction  process 
will  begin  to  generate 
hydroxide  ions.  The  presence 
of  hydroxide  ions  in  the 
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/.  OF  MASS  GAN  PER  UNIT  MASS 


Figure  1.  stress-strain  plot  of  neat  adhesive  specimens 


SORPTION  CURVES 


Figure  2.  Sorption  curves  for  neat  primer  A  specimens  at  33“ 
showing  exposure,  drying,  and  resorption  response. 


Z  OF  MASS  GAW  PER  UNIT  MASS 


Figure  3.  Sorption  curve  for  a  primer  A  specimen  conditioned 
in  NaOH,  dried,  conditioned  in  water,  and  redried. 


DIFFUSION  SPECIMEN: 


•INDICATION  OF  BOND  STRENGTH  AFTER  DRYING. 


Environment:  0.1  N.NaOH  ,30  C.,-1.4  V. 


Exposure  Time:  30  days. 
Drying  Time  :  20  days. 


Figure  4.  Photograph  of  bonded  diffusion  specimen  showing  the 
"diffusion  window"  and  drying  effect  on  durability. 


395 


2  3  ♦  5  6,7  a  9  10 

SQUARE  ROOT  OF  T  i ‘*tE  (DAYS  ) 

A  SW  -  1  .  ♦  V  *•-*••*  0.1N.NACH,-1.4  V 

■  ^  IN . NAOH ,  -  1  .  «  V 

Figure  5.  ingression  distance  vs.  square  root  of  exposure  time 
of  the  bonded  diffusion  specimen  for  different 
environments . 


NONDESTRUCTIVE  EVALUATION  OF  ADHESIVE  BONDS 
USING  NUCLEAR  MAGNETIC  RESONANCE 

George  A.  Matzkanln,  A.  De  Los  Santos  and  J.D.  King 
Southwest  Research  Institute 
San  Antonio,  Texas 


INTRODUCTION 

Nuclear  Magnetic  Resonance  (NMR) 
is  currently  being  investigated 
and  developed  for  the  nonde¬ 
structive  evaluation  (NDE)  and 
characterization  of  polymer- 
based  adhesively  bonded  struc¬ 
tures  such  as  organic  matrix 
composites.  NMR  is  sensitive  to 
molecular  motions  and  structural 
changes  and  can  be  used  to 
obtain  both  qualitative  and 
quantitative  information  on  the 
dynamic  environment  in  which 
molecules  are  located.  In 
particular,  certain  charac¬ 
teristics  of  NMR  signals  can 
provide  information  on  1)  the 
presence  of  atoms  in  different 
physical  states;  2)  the  type  and 
strengths  of  interactions 
between  atoms  of  both  the  same 
species  and  different  species; 
3)  changes  in  molecular  struc¬ 
ture  and  intermolecular  binding; 
and  4)  transport  (diffusion) 
phenomena.  For  application  to 
adhesives  and  adhesively  bonded 
structures,  NMR  has  been  used  to 
measure  absorbed  moisture  and 
distinguish  moisture  in  differ¬ 
ent  binding  states,  determine 
aging  and  environmental  degrada¬ 
tion,  and  characterize  degree  of 
cure  and  modulus  variations^ ^ ^ . 
Instrumentation  approaches  have 
been  developed  for  practical 
application  of  NMR  to  the  nonde¬ 
structive  inspection  of  struc¬ 
tures,  such  as  composites. 
These  approaches  are  based  on 
the  use  of  U-shaped  magnets  and 
flat  detection  coils  to  allow 
measurements  to  be  made  from  a 
single  surface.  With  suitable 


control  of  the  magnetic  field 
gradients,  these  one-sided  NMR 
approaches  allow  localized 
measurements  which  can  be  used 
to  map  out  spatially  varying 
quantities  such  as  moisture 
gradients  and  material  Inhomo¬ 
geneities. 

In  the  next  section,  a  brief 
discussion  will  be  presented  of 
the  NMR  technique,  followed  by 
experimental  results  obtained  on 
several  adhesives,  and  descrip¬ 
tions  of  NMR  instrumentation 
systems  which  have  been  devel¬ 
oped  for  practical  NDE  applica¬ 
tions. 


TECHNICAL  BACKGROUND  OF  NMR 

Nuclear  magnetic  resonance  (NMR) 
is  a  branch  of  spectroscopy 
based  on  the  interaction  between 
nuclear  magnetic  dipole  moments 
and  a  magnetic  field.  The  term 
"resonance"  is  used  because  a 
natural  frequency  of  the 
magnetic  system,  namely,  the 
frequency  of  gyroscopic  preces¬ 
sion  of  the  magnetic  moment  in 
an  applied  static  magnetic 
field,  is  the  quantity  detected. 
Typically,  the  resonance 
frequency  falls  in  the  radio¬ 
frequency  (RF)  region  of  the 
electromagnetic  spectrum.  To 
implement  the  NMR  method,  a 
static  magnetic  field  is  applied 
to  the  specimen  to  polarize  the 
magnetic  dipole  system  and 
resonance  detection  is 
accomplished  by  coupling  a 
suitable  electromagnetic  field 
to  the  specimen  by  means  of  an 
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RF  induction  coil.  A  block 
diagram  of  a  typical  pulsed  NMR 
measurement  system  is  shown  in 
Figure  1.  RF  pulses  of  the 
proper  frequency  and  intensity 
to  produce  NMR  are  applied  to 
the  sample  coil  through  the 
coupling  network.  The  sample 
coil  also  senses  the  NMR 
response  which  is  connected 


through  the  coupling  network  to 
the  receiver  where  it  is 
amplified  and  demodulated. 
Although  NMR  has  been  utilized 
as  an  investigative  tool  for 
many  years  in  physics  and 
chemistry  laboratories,  only 
recently  has  it  been  seriously 
considered  for  NDE  of  materi- 

als(2) . 


Figure  1 .  Block  Diagram  of  a  Typical  Pulsed  NMR  System 


Application  of  NMR  to  polymers 
involves  measurement  of  the 
hydrogen  nucleus  (proton)  NMR 
signal.  Fortunately,  the  proton 
NMR  signal  is  very  strong  and 
easily  measured.  Much  of  the 
physical  and  chemical  informa¬ 
tion  available  through  the  use 
of  NMR  is  associated  with  the 
relaxation  characteristics  of 
the  nuclear  magnetic  moments, 
which  can  be  measured  using 
pulsed  NMR  techniques.  The 
energy  exchange  between  nuclear 
moments  and  the  surrounding 
lattice  is  characterized  by  the 
spin-lattice  relaxation  time, 
T^,  while  the  energy  exchange 
among  nuclear  magnetic  moments 
is  described  by  the  spin-spin 
relaxation  time,  T2.  These 
relaxation  times  are  very 
sensitive  to  molecular  motions 
and  structural  changes  and  can 
be  used  to  provide  both  qualita¬ 
tive  and  quantitative  informa¬ 
tion  on  the  dynamic  environment 
in  which  the  nuclei  are  located. 


Although  the  majority  of  work 
thus  far  on  composites  and 
polymers  has  involved  applica¬ 
tion  of  NMR  to  the  measurement 
and  characterization  of  mois¬ 
ture,  other  NDE  problem  areas 
which  NMR  is  capable  of  address¬ 
ing  include: 

0  Environmental  degradation 
and  aging 

0  Incomplete  cure 

o  Modulus  variations 

o  Process  control  -  degree  of 
cure;  validation  of  mate¬ 
rials;  resin  impregnation; 
plasticizers 


EXPERIMENTAL  APPROACH 

NMR  measurements  on  adhesives 
were  made  using  a  laboratory  NMR 
system  operating  at  a  frequency 
of  27  MHz.  The  samples  were  put 
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into  5  cm  (2  in. )-diameter  glass 
vials  and  placed  into  a  detec¬ 
tion  coil  in  the  gap  of  an 
electromagnet.  Parameters 
measured  for  the  various  samples 
included  the  free  induction 
decay  (FID),  the  spin-lattice 
relaxation  time,  ,  and  the 
spin- spin  relaxation  time,  T2. 
For  most  of  the  samples, 
multiple  relaxation  times  were 
observed.  Processing  of  the 
data  to  obtain  the  various  time 
constant  components  and  other 
parameters  of  interest  was  done 
on  an  HP1000  computer.  For 
measuring  the  amount  of  moisture 
absorbed  into  hydrogen-bearing 
materials,  such  as  composites 
and  polymers,  a  common  NMR 
method  utilized  is  based  on 
determining  the  voltage  ampli¬ 
tude  of  the  hydrogen  FID  signal 
at  two  selected  points  along  the 
decay  curve.  A  ratio  of  these 
amplitudes  generally  correlates 
well  with  moisture  for  solid 
materials.  However,  for  viscous 
materials,  such  as  uncured 
resins  and  adhesives,  the  spin- 
spin  relaxation  time,  T2,  is 
relatively  long  so  that  an  FID 
ratio  measurement  as  described 
above  would  have  low  sensitivity 


to  moisture  variations.  In  this 
case,  an  NMR  pulse  sequence 
which  produces  a  spin  echo 
proves  useful  since  the  ratio  of 
the  echo  amplitude  to  the  peak 
of  the  FID  signal  correlates 
well  with  moisture. 


RESULTS 
Adhesive  Scrim 

NMR  measurements  were  made  on 
five  samples  of  adhesive  scrim. 
The  samples  all  had  the  same 
manufacture  date  but  three 
underwent  moisture  conditioning 
prior  to  NMR  measurement.  One 
sample  (AD)  was  dried  in  a 
desicant  for  2H  hours,  and  two 
samples  (A24  and  A48)  were 
exposed  to  approximately  100 
percent  relative  humidity  at 
room  temperature  for  24  hours 
and  48  hours,  respectively.  Of 
the  two  unconditioned  samples, 
(AR)  was  allowed  to  age  at  room 
temperature  for  30  days,  and  the 
fifth  sample  (AC)  was  an 
unconditioned  control.  NMR 
results  obtained  are  summarized 
in  Table  1 . 


TABLE  1 

ADHESIVE  SCRIM-NMR  TEST  RESULTS 


SAMPLE  CONDITION  Tii(msec)  Ti2(msec) 


AC 

Control 

121 

243 

AD 

Dried  24  hours  with  Dririte 

138 

399 

A24 

Exposed  to  a? 100  percent  RH, 

RT  for  24  hours 

136 

399 

A48 

Exposed  to  Si  100  percent  RH, 

RT  for  48  hours 

118 

370 

AR 

As  received 

109 

292 

AR30 

After  30  day  aging 

140 

481 

399 


As  can  be  seen,  the  long 
components  of  the  spin-lattice 
relaxation  times,  T^2» 
conditioned  samples  (AD,  A24, 
and  A48)  were  considerably 
longer  than  the  comparable  times 
for  the  samples  not  exposed  to 
moisture  conditioning  (AR  and 
AC).  Also,  the  T-|2  time 
constant  component  increased 
substantially  with  aging  time 
for  sample  AR. 


Film  Adhesives 

NMR  measurements  were  performed 
on  three  samples  of  each  of  two 
film  adhesives,  FA-1  and  FA-2. 
One  sample  of  each  adhesive  type 
was  measured  at  room  temperature 
upon  removal  of  the  material 
from  a  sealed  container.  Two 
samples  of  FA-1  were  humidified 
for  periods  of  15  and  40  hours 
at  80?  R.H.  to  provide  absorbed 
moisture  levels  of  0.23?  and 
0.82?,  respectively.  Two 
samples  of  FA-2  were  humidified 
for  periods  of  22  and  118  hours 
at  80?  R.H.  to  provide  moisture 
levels  of  0.98?  and  1.28?, 
respectively.  Because  of  the 
relatively  long  T2.  relaxation 
time  for  the  film  adhesives  (T2 
asSOO  ps),  a  two-pulse  sequence 
was  used  to  produce  spin  echoes 
and  the  echo-to-FID  amplitude 
ratios  were  obtained.  Results 
obtained  for  the  two  film 
adhesives  are  shown  in  Figures  2 
and  3.  As  can  be  seen,  for  both 
adhesives,  the  NMR  measurements 
correlate  well  with  moisture 
content  and  provide  a  potential 
approach  for  nondestructive 
determination  of  the  water 
content. 


Resin 

Neat  resin  samples  for  NMR 
measurement  were  prepared  by 
adding  water  directly  to  the 


Figure  2.  FA-1  Film  Adhesive 
Echo  to  FID  Ratio  vs  Percent 
Water 


Figure  3.  FA-2  Film  Adhesive 
Echo  to  FID  Ratio  vs  Percent 
Water 
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resin  to  produce  moisture 
percentage  levels  ranging  from 
1$  to  “10%. 

In  the  case  of  the  uncured 
resin,  a  distinct  moisture 
component  is  not  observed  in  the 
free  induction  decay  because  of 
the  long  spin- spin  relaxation 
time  for  this  viscous  material. 
However,  it  was  found  that  the 
spin-lattice  relaxation  time, 
Ti ,  for  the  neat  resin  with  no 
added  water  was  about  50  ms 
compared  with  resin  containing 
added  water  which  had  a  T-| 
component  of  about  50  ms  for  the 
resin  plus  a  T-j  component  of 
approximately  1-2  s  for  the 
water  in  the  resin.  Therefore, 
the  free  induction  decay 
difference  signal  obtained  for 
two  different  pulse  repetition 
rates  contains  a  substantial 
water  signal  component  whereas 
the  resin  contribution  cancels 
out.  A  plot  of  the  FID  differ¬ 
ence  signal  versus  percent  water 
in  uncured  resin  is  given  in 
Figure  4. 


Figure  4.  Free  Induction  Decay 
Difference  vs  Percent  Water  in 
Uncured  Resin 


After  the  resin  samples  were 
cured,  it  was  noticed  that  the 
resin  with  increased  water  added 
before  cure  became  considerably 
more  brittle.  Although  the  NMR 
free  induction  decay  signal  did 
not  show  a  distinct  moisture 
component  for  the  cured  resin, 
relative  measurement  of  the 
signal  amplitude  at  various 
times  during  the  free  induction 
decay  can  be  used  as  a  determi¬ 
nation  of  the  amount  of  amor¬ 
phous  to  crystalline  character. 
The  free  induction  decay  ratio 
measured  at  times  of  23.5  ys  and 
70  ys  vs  percent  water  added 
before  cure  is  shown  in  Figure 
5.  The  decrease  in  this  ratio 
which  implies  decreasing 
amorphous  character  correlates 
well  with  the  increased  brittle¬ 
ness  observed  for  the  cured 
resin  samples  with  greater 
amounts  of  added  water. 


Figure  5.  Free  Induction  Decay 
Ratio  vs  Percent  Water  Added 
Before  Cure  for  Cured  Resin 


ONE-SIDED  NMR  DETECTION 

Developments  pioneered  at 
Southwest  Research  Institute 
have  demonstrated  the  feasibil- 
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ity  of  NMR  measurements  on 
materials  external  to  the  RF 
coil  and  the  magnet  structure. 
The  basic  configuration  utilizes 
a  U-shaped  magnet  and  a  flat 
spiral- coaxial  RF  coil  as  shown 
schematically  in  Figure  6.  The 
U-shaped  magnet  provides  a 
static  magnetic  field  Hq  which 
extends  from  one  pole  to  the 
other  as  shown  by  the  dashed 
lines.  The  RF  coil  provides  a 
field  H-i  which  is  perpendicular 
to  the  plane  of  the  coil.  In 
that  region  where  the  frequency 
and  static  field  Intensity  have 
the  proper  relationship  an  NMR 
response  will  be  detected  by  the 
coil.  By  varying  the  magnetic 
field  strength,  the  sensitive 
region  can  be  moved  closer  to, 
or  farther  away  from,  the 
magnet,  thus  providing  a  means 
for  obtaining  NMR  information  as 
a  function  of  depth.  Based  on 
this  approach  a  fieldworthy  NMR 
moisture  measurement  system  for 
nondestructively  measuring  the 
amount  of  moisture  in  reinforced 
concrete  bridge  decks  was 
designed  and  f abricated^ 3) . 
This  system  utilizes  a  U-shaped 
magnet  and  a  flat  RF  coll  to 
obtain  NMR  signals  at  depths 
down  to  9.5  cm  from  the  top 
surface  of  a  bridge  deck. 
Profiles  of  the  moisture 
gradient  in  bridge  decks  have 
been  measured  by  using  magnetic 
field  gradients  to  obtain 
spatially  localized  NMR  measure¬ 
ments  with  a  resolution  of 
approximately  Smm^  ^  ^ . 


Figure  6.  Schematic  Illustra¬ 
tion  of  One-Sided  NMR  Detection 
for  a  Specimen  External  to  the 
RF  Coil  and  Magnet  Structure 


To  achieve  the  measurement  depth 
required  for  measuring  moisture 
in  concrete  bridge  decks,  the 
NMR  sensor  for  the  inspection 
system  described  above  needed  to 
be  rather  large  (about  272  kg). 
However,  by  using  recently 
developed  rare-earth  material 
permanent  magnet  technology,  a 
considerably  smaller,  hand- 
portable  NMR  sensor  (about  7  kg) 
has  been  designed  for  near¬ 
surface  (e.g.  depths  of  3  mm) 
measurements  on  composite  or 
plastic  materials  and  struc¬ 
tures. 


CONCLUSIONS 

Nuclear  magnetic  resonance 
methods  provide  the  opportunity 
for  making  Important  NDE 
measurements  in  polymer  based 
materials  such  as  adhesives  and 
composites  that  are  difficult 
and  many  time  impossible  by 
other  sensory  techniques. 
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Laboratory  studies  have  demon¬ 
strated  the  capability  of  NMR  to 
quantitatively  determine  the 
amount  of  absorbed  moisture  in 
adhesives  and  resins,  both  cured 
and  uncured.  In  addition, 
certain  features  of  the  NMR 
signals  may  be  useful  in 
providing  information  on 
moisture  in  different  physical 
states  within  the  material. 
While  the  measurement  of 
moisture  is  the  most  obvious 
application  of  NMR  for  NDE  of 
adhesives  and  adhesively  bonded 
composites,  other  areas  which 
NMR  is  capable  of  addressing, 
and  for  which  limited  results 
have  been  obtained,  include; 
environmental  degradation  and 
aging,  incomplete  cure,  modulus 
variations,  and  process  control. 
Although  most  available  NMR 
apparatus  has  been  intended  for 
use  in  a  laboratory  environment, 
recent  instrumentation  develop¬ 
ments  at  Southwest  Research 
Institute,  in  particular  one¬ 
sided  NMR  detection,  have 
removed  limitations  on  sample 
size  and  configuration,  opera¬ 
tional  restraints  and  apparatus 
size,  and  expanded  the  capabil¬ 
ity  of  NMR  for  practical  NDE 
applications  outside  the 
laboratory. 
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INTRODUCTION 

Performance  determination  of 
adhesively  bonded  systems  is  a 
subject  of  intense  interest  to 
both  researchers  and  designers. 
Attempts  to  predict  adhesive 
bond  performance  have  mainly 
focused  on  nondestructively 
identifying  gross  anomalies  such 
as  voids  or  unbonded  regions 
and  either  correlating  these 
features  with  destructively 
determined  mechanical  perfor¬ 
mance  or  using  these  features 
in  an  analytical  analysis  using 
concepts  such  as  fracture 
mechanics  or  stress  concentra¬ 
tion.  Recently,  unpublished 
work  has  been  conducted  at  the 
University  of  Idaho  involving 
the  correlation  of  damped  acous¬ 
tic  responses  to  mechanical  per¬ 
formance.  An  instrumented 
hammer  is  used  to  impart  an 
impulse  to  the  adhesively  bonded 
joint  and  the  fourier  transform 
of  the  reflected  (or  trans¬ 


mitted)  acoustic  signal  is  used 
to  determine  global  damping 
as  a  function  of  a  given  fre¬ 
quency  or  frequencies.  The 
damping  characteristics  are 
correlated  to  destructively 
determined  strength. 

It  is  well  known  that  adhesively 
bonded  systems  can  exhibit 
variability  in  mechanical  per¬ 
formance  even  when  the  systems 
under  evaluation  are  fabricated 
identically  and  appear  to  lack 
major  anomalies  such  as  those 
determined  by  through-trans- 
mission  ultrasonics  (voids, 
disbonds,  etc.).  Obviously,  the 
ability  to  nondestructively 
determine  adhesive  bond  perfor¬ 
mance  is  needed  if  these  systems 
are  to  be  utilized  in  a  load 
bearing  capacity. 

The  nondestructive  evaluation 
of  any  materials  system  is  most 
successful  when  the  physics  of 
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the  materials  in  the  system  are 
understood  in  terms  of  their 
interaction  with  each  other 
during  fabrication  and  under 
service  loading  conditions.  The 
anatomy  of  a  bonded  system  con¬ 
sists  of  several  material  sub¬ 
systems.  The  work  described  in 
this  paper  involves  a  single 
lap  shear  bonded  configuration 
(Figure  la).  The  anatomy  of 
the  bonded  system  (Figure  lb) 
consists  of  the  metal  adherends, 
the  surface  treatment  (metal 
oxide),  the  low  viscosity  primer, 
and  finally  the  adhesive  itself 
(in  this  paper  scrim  supported). 
The  metal  adherend  surface  is 
surface  treated  to  develop  an 
oxide  on  the  surface  of  the 
metal.  The  low  viscosity  primer 
(of  similar  chemical  composition 
to  the  adhesive)  is  applied  and 
allowed  to  penetrate  the  porous 
oxide.  Finally,  the  higher  vis¬ 
cosity  adhesive  chemically  bonds 
to  the  primer.  Stress  is  theo¬ 
retically  transferred  from  one 
adherend  to  another  through 
mechanical  interlock  mechanisms 
and  chemical  bonds. 

The  approach  used  in  the  work 
presented  in  this  paper  was 
first  to  select  an  adhesively 
bonded  system  for  evaluation 
and  understand  the  anatomy  of 


the  bonded  region.  Once  the 
system  was  selected  only  the 
specimens  lacking  major  anomalies 
(as  determined  by  through-trans¬ 
mission  ultrasonics)  were  saved 
for  evaluation.  Once  selected, 
the  bonded  systems  were  scanned 
with  an  applicable  instrumental 
nondestructive  evaluation  (NDE) 
technique.  The  instrumental 
NDE  technique  identifies  a 
material  parameter  which  can  be 
utilized  in  analytical  analysis 
to  determine  mechanical  perfor¬ 
mance.  The  instrumental  NDE 
technique  used  in  this  study 
was  high  frequency  (MHz)  ultra¬ 
sonic  resonance.  The  resonant 
response  of  the  bonded  area  is 
mapped  through  the  thickness 
over  the  surface  of  the  bonded 
area  (normal  to  the  load  axis) 
with  a  focused  ultrasonic  trans¬ 
ducer.  The  scanning  was  con¬ 
tinuous  with  a  resolution  of 
approximately  0.02-0.05  square 
inches. 

Once  scanned  and  analyzed,  the 
NDE  output  is  used  in  closed 
form  analytical  expressions 
which  determine  the  shear  and 
normal  stress  distributions  in 
the  adhesive,  along  with  the 
bond  length  (1)  in  the  direction 
of  the  loading  axis. 


405 


EXPERIMENTAL 

SINGLE  LAP  SHEAR  SPECIMEN 
FABRICATION 

Referring  to  Figure  1,  the  single 
lap  shear  assembly  consisted  of 
Ti-6-4  adherends  with  a  nominal 
thickness  of  0.05  inches.  The 
adherends  were  chromic  acid 
anodized  to  develop  the  surface 
oxide.  The  low  viscosity  primer 
used  was  an  epoxy  based  system 
(EC  3917,  from  3M).  The  adhe¬ 
sive  was  a  scrim  reinforced 
toughened  epoxy  (AF-191,  from 
3M).  The  toughening  of  the 
brittle  epoxy  is  accomplished 
through  the  addition  of  an 
elastomeric  phase.  The  lap  shear 
assemblies  are  fabricated  in 
sheets  so  that  five  single  lap 
shear  specimens  are  fabricated 
simultaneously  (see  Figure  2). 

The  sheet  assembly  is  layed  up 
on  a  steel  tool  to  insure  proper 
bondline  geometry.  The  tool  with 
the  assembly  is  then  vacuum  bagged 
for  autoclave  cure  per  Boeing 
Materials  Specifications  (BMS 
5-104).  It  should  be  noted  that 
the  process  yields  slightly  dif¬ 
ferent  heating  and  cooling  rates 
for  each  side  of  the  bonded 
joint.  In  other  words,  the  top 
face  of  the  bonded  region  will 
see  a  thermal  history  slightly 
different  than  the  opposite  side 
residing  against  the  steel  tool. 


After  fabrication,  the  single 
lap  shear  specimens  are  sep¬ 
arated,  scanned,  and  subsequently 
failed  in  tension  in  accordance 
with  Boeing  Support  Specifications 
(BSS  7202). 

ULTRASONIC  RESONANCE  SCANNING 
The  technique  employed  for  ultra¬ 
sonic  resonance  examination  in¬ 
volves  the  application  of  an 
incident  burst  of  sine  wave  ultra¬ 
sonic  energy  to  a  test  part  such 
that  the  burst  width,  or  time 
duration,  exceeds  the  round  trip 
transit  time  of  sound  through  the 
test  part.  Methods  of  extracting 
material  properties  information 
then  may  be  carried  out  in  various 
ways.  One  method  employed  is  to 
sweep  the  acoustic  frequency 
through  a  wide  range  of  frequencies 
(such  as  2-10  MHz)  and  observe  the 
results  of  constructive/destructive 
interference  as  established  be¬ 
tween  the  material's  parallel  sur¬ 
faces.  Another  method,  especially 
suited  to  "ringing"  metallic 
materials,  is  to  apply  the  sine 
wave  burst  around  the  materials 
thickness  resonance  point,  and 
observing  the  ring-down  signal 
after  the  drive  energy  has  ceased. 
This  method  is  well  suited  to 
observing  the  damping  effects  of 
energy  absorbing  materials  which 
are  acoustically  coupled  to  the 
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test  materials  back  surface. 

The  test  equipment  employed  is  a 
modified  Holosonics  200  acoustic 
holography  unit,  which  is  designed 
specifically  for  sine  burst 
operation.  The  original  fixed 
frequency  tunable  signal  source 
was  replaced  with  a  Hewlett 
Packard  3312A  function  generator. 

The  pulse-echo  output  signal  is 
recorded  and  processed  by  a 
Dynacon  Systems  Ultrasonic  Data 
Recording  and  Processing  System 
(UDRPS)  which  digitizes  and 
records  the  signal  along  with 
C-scan  coordinate  information. 

The  UDRPS,  which  consists  pri¬ 
marily  of  a  Hewlett  Packard 
computer,  an  ANALOGIC  Array 
processor  and  a  Ramtek  9465 
color  display  system,  then 
reconstructs  a  high  resolution 
color  video  display  of  the 
recorded  C-scan  using  a  rainbow 
color  format  with  255  level 
color  resolution. 

In  addition  to  amplitude  infor¬ 
mation,  point-by-point  x-y  plots 
of  amplitude  vs,  frequency  may 
be  made  to  observe  frequency 
shifts  resulting  from  material 
properties  variations. 


DISCUSSION  OF  RESULTS 
The  justification  for  choosing  the 
Ultrasonic  Resonant  technique 
for  the  instrumental  NDE  of  the 
bonded  systems  lies  in  the  tech¬ 
nique's  potential  capability  to 
detect  changes  in  adhesive  bond 
sti ffness ,  through-the-thi ckness , 
anywhere  over  the  area  of  the 
bonded  region.  Provided  that 
nondestructively  determined  infor¬ 
mation  regarding  the  changes  in 
the  elastic  modulus  of  the  adhesive 
is  available,  then  it  was  hypoth¬ 
esized  that  an  approximate  closed 
form  solution  for  adhesive  stress 
distribution  could  be  utilized 
(such  as  those  available  in  the 
literature  (l))to  predict  the 
mechanical  performance  of  these 
"flawless"  bonded  assemblies. 

Five  single  lap  shear  specimens 
were  fabricated  as  described  pre¬ 
viously.  The  specimens  were  scanned 
at  approximately  3  MHz  in  a  con¬ 
tinuous  mode.  Both  sides  of  the 
bonded  region  were  scanned  and 
examples  of  the  results  are  shown 
in  Figures  3  through  5.  Upon 
inspection  of  the  five  specimens 
(both  sides)  it  was  observed  that 
one  side  of  each  specimen  was 
significantly  more  acoustically 
attenuative  than  the  opposite 
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side.  For  each  specimen,  the 
same  side  was  consistently  more 
attenuative  than  the  other.  Re¬ 
calling  the  fact  that  each  face 
of  the  bonded  area  saw  a  slightly 
different  thermal  history  during 
fabrication  suggests  the  possi¬ 
bility  of  a  nonuniform  distri¬ 
bution  of  the  phases  within  the 
cured  adhesive  system.  If  this 
assumption  is  realistic,  then  it 
may  be  possible  that  micro-regions 
within  the  adhesive  in  contact 
with  the  primed  adherend  could 
demonstrate  variable  acoustic 
impedances.  For  example,  an 
elastomeric  rich  micro-region 
would  most  likely  produce  a 
relatively  high  interfacial 
acoustic  impedance  with  respect 
to  an  elastomeric  poor  micro¬ 
region.  Taking  into  account 
the  relatively  low  power  used 
to  impart  the  resonant  re¬ 
sponse  through-the-thickness 
of  the  bonded  area,  it  is 
likely  that  the  order  in  which 
the  imparting  signal  sees  the 
various  acoustic  impedance 
interfaces  may  well  determine 
the  strength  of  the  resonant 
response.  Using  techniques 
available  from  the  field  of 
Theoretical  Acoustics  (2),  it 
can  be  shown  that  the  above 
assumptions  are  reasonable. 


It  is  well  established  that  the 
shear  and  normal  (peel )  stresses 
in  a  single  lap  shear  configuration 
exist  at  the  joint  edges  (1).  With 
this  in  mind,  the  Ultrasonic  Res¬ 
onant  scans  of  each  specimen  were 
assessed  with  respect  to  the  joint 
edges.  With  our  current  hypothesis 
to  describe  signal  attenuation, 
it  was  felt  that  only  the  lightly 
attenuated  face  need  be  considered 
since  it  is  this  face  which  will 
bear  a  majority  of  the  load  (due 
to  stiffness  considerations).  At 
this  point  in  time  it  was  desired 
only  to  determine  whether  or  not 
the  approach  used  in  this  paper 
should  be  continued.  If  so,  then 
a  more  complete  assessment  of  the 
entire  bonded  assembly  would  be 
warranted.  It  should  be  noted  that 
nearly  all  five  specimens  failed 
in  such  a  manner  that  the  lightly 
attenuated  face  failed  in  the 
oxide,  giving  preliminary  credence 
to  our  earlier  assumptions.  By 
examining  the  acoustic  response 
of  the  joint  edge  regions  only, 
we  assumed  a  redistribution  of 
stress  at  the  edge  as  a  function 
of  the  degree  of  attenuation  and 
percent  area  covered  of  each  section 
of  the  acoustic  response.  The 
response  was  roughly  divided  into 
three  levels,  blue  (lightly 
attenuated),  yellow  (attenuated). 
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and  red  (highly  attenuated). 

Figure  3  shows  the  Resonant  re¬ 
sponse  over  the  bonded  region  of 
sample  #1.  Although  the  photo¬ 
graph  shown  is  not  in  color,  the 
highly  attenuated  region  toward 
the  center  of  the  edge  of  the 
joint  is  evident.  Figure  4 
illustrates  the  same  type  of 
information  for  sample  #4  only 
with  a  center  region 
lightly  damped.  Figure  5  shows 
very  little,  if  any,  attentuation 
across  the  joint  edge  (sample  #3). 
By  determining  the  failure  stresses 
at  the  joint  edge  for  a  well  bonded 
system  (as  determined  by  3M) 
knockdowns  from  these  levels  can 
be  established  by  measuring  the 
percent  attenuated  area  at  the 
joint  edge  and  assigning  a  relative 
modulus  factor  as  a  function  of 
the  attenuation.  Blue  required  no 
knockdown,  yellow  resulted  in 
reduction  in  load  carrying  capacity 
of  1/3.  Red  resulted  in  a  reduc¬ 


tion  in  load  carrying  capacity 

of  2/3.  Using  either  the  principal 
maximum  shear  stress  or  the 
principal  normal  stress  (3)  for 
the  well  bonded  case  as  the  condition 
to  knockdown,  the  following  allow¬ 
ables  were  determined. 

For  a  nominal  adherend  thickness  of 
0.05  inches  and  a  failure  load 
of  2500  lbs  (and  all  other  elastic 
constants  of  the  components  avail¬ 
able  from  3M)  the  maximum  principal 
shear  stress  was  determined  to  be 
17,595  psi  at  the  joint  edge.  The 
principal  normal  stress  at  the  edge 
was  found  to  be  26,665  psi. 

In  this  paper  the  average  adherend 
thickness  along  with  the  destruc¬ 
tively  determined  failure  loads  were 
used  to  determine  the  average  joint 
edge  principal  failure  stresses. 

These  values  were  compared  to  the 
knockdown  values  from  the  Resonant 
scans.  The  results  are  shown  in 
Table  1. 


TABLE  1.  RESULTS 


Calculated 

Maximum  Principal 

Calculated 

Principal 

Sample 

Principal  Maximum 

Shear  Stress 

Principal 

Normal  Stress 

Number 

Shear  Stress 

(NOE  Knockdown) 

Normal  Stress 

(NDE  Knockdown) 

(psi) 

(psi) 

(psi) 

(psi) 

1 

13,306 

10,711 

20,323 

16,244 

2 

14,550 

14,548 

22,184 

22,064 

3 

15,096 

17,582 

23,003 

26,665 

4 

14,923 

14,197 

22,752 

21,598 

5 

14,919 

17,582 

22,747 

26,665 
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CONCLUSIONS 

As  can  be  seen  from  Table  1, 
there  appears  to  be  some  agree¬ 
ment  between  both  the  calculated 
and  knockdown  stress  values 
using  the  approach  presented  in 
this  paper.  Much  remains  to  be 
accomplished  to  conduct  a  com¬ 
plete  analysis,  however  the  re¬ 
sults  of  this  paper  are  encour¬ 
aging.  With  reliable  knockdown 
values  for  the  pricipal  stresses 
it  may  well  be  possible  to  calcu¬ 
late  the  failure  load  reliably. 
Most  likely  a  finite  element 
analysis  for  stress  determi¬ 
nation  will  be  necessary  for 
better  results. 
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Figure  4.  Sample  #4 
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Figure  5.  Sample  #3 
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ABSTRACT 

This  paper  discusses  the 
Bond  Integrity  NDE 
(Nondestructive  Evaluation) 
Program  being  implemented  by 
the  NDE  Branch  of  the 
Materials  Technology 
Laboratory  (MTL)  located  in 
Watertown,  MA.  After  a 
brief  introduction,  the  role 
of  NDE  in  the  adhesive 
bonding  process  will  be 
described.  The  program  plan 
and  the  status  of  it*s 
various  elements  will  then 
be  discussed,  followed  by 
brief  comments  regarding 
future  thrusts. 

INTRODUCTION 

There  is  an  increased 
emphasis  on  structural 
adhesive  bonding  in  the 
Army.  The  stimulus  occured 
when  General  Thompson  in 
1986  recommended  a 
technology  thrust  in  the 
area.  As  a  result,  MTL  has 
been  designated  lead 
laboratory  for  the  overall 
effort  to  address  adhesive 
bonding  problems  in  the 
Army,  and  the  NDE  Branch  at 
MTL  has  developed  a  Bond 
Integrity  NDE  Program  to 
support  this  effort. 

One  of  the  root  causes  of 
adhesive  bonding  problems 
is  the  failure  to  perform 
bonding  operations  properly. 
To  address  this,  the  program 
goal  is  to  develop  NDE 
techniques  to  assure 
adhesive  bond  integrity. 


The  approach  is  two-fold. 
Existing  technology  must  be 
better  implemented  and  the 
state-of-the-art  must  be 
improved. 

There  are  a  number  of 
project  elements  which  are 
being  undertaken  in  the 
program.  These  elements 
will  be  performed  both  in- 
house  and  under  contract. 
Some  of  the  work  being 
performed  includes: 
-bibliographic  searches  and 
a  state-of-the-art  report 
-evaluating  currently 
available  bond  testing 
equipment 

-bondline  characterization 
-ultrasonic  signal 
processing 

-a  Workshop  on  Bond 
Integrity  NDE 

This  paper  will  describe 
these  and  other  projects  and 
how  they  fit  together  in  a 
coherent  study  on  the  NDE  of 
adhesives . 


DISCUSSION 

Background 

The  successful  application 
of  adhesive  bonding  for 
joining  materials  in  the 
aerospace  and  aircraft 
industries  has  resulted  in 
adhesively  bonded  structures 
being  utilized  in  the  Army 
as  primary  and  secondary 
components  where  strength 
and  performance  are 
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critical.  The  application 
of  adhesive  bonding  has 
resulted  in  new  designs  that 
improve  fatigue 

characteristics  and  change 
the  failure  modes  of  these 
structures . 

The  use  of  structural 
adhesives  require  the 
adoption  of  intricate 
process  control  measures 
which  include  the  careful 
selection  of  materials  and 
adhesives  and  strict  control 
of  bonding  conditions  to 
insure  high  integrity  of 
bonded  structures.  Faulty 
execution  of  the  bonding 
process  is  a  distinct 
possibility  because  the 
human  element  is  more 
involved  than  in  other  metal 
fabrication  methods.  This 
necessitates  that  the  user 
apply  stringent  acceptance 
tests  that  can  only  be 
accomplished  through  the 
nondestructive  testing  of 
all  bonded  areas. 


Adhesive  Bonding  and  NDE 

The  ultimate  aim  of  any 
nondestructive  test  is  the 
correlation  of  some 
parameter  measurable  by 
nondestructive  methods  with 
the  failure  property  of 
interest.  This  requires  a 
decision  as  to  what  is  the 
critical  failure  property. 
The  answer  is  complex  in  the 
case  of  bonded  joints.  Bond 
quality  is  affected  by  both 
the  cohesion  of  the  cured 
adhesive  layer  and  by  the 
quality  of  adhesion  between 
the  adhesive  and  bonding 
surface.  Low  adhesive  layer 
cohesion  may  be  attributed 
to  deteriation  of  the 
adhesive,  stress 

concentrations,  shrinkage 


and  serious  flaws  in  the 
adhesive.  Poor  adhesion 
between  adhesive  and  bonding 
surface  may  result  from  air, 
incorrect  adhesive 
concentration,  inadequate 
adhesive  concentration  and 
chemical  reactions. 

No  nondestructive  test 
parameter  has  yet  been  found 
that  will  correlate  with  the 
i n t e r m o 1 e c u 1  a r  forces 
between  the  adhesive  layer 
and  the  bonded  surface  after 
the  bond  has  been  created. 
It  appears  the  quality 
control  of  adhesion  is  then 
only  possible  prior  to  the 
application  of  uncured 
adhesive  materials.  Efforts 
are  thus  being  concentrated 
on  characterizing  a  surface 
as  suitable  or  unsuitable 
for  bonding.  This  is 
because  after  an  optimum 
surface  treatment,  the 
adhesion  is  much  stronger 
than  the  strongest  cured 
adhesive  layer.  If  the 
adhesive  quality  is  kept 
under  control,  measurement 
of  the  cohesive  quality  of 
the  adhesive  should  yield  an 
indication  of  bond  strength. 
In  fact,  some  cohesive 
quality  variations  can  be 
related  to  physical 
properties  measurable  by 
nondestructive  test  methods. 

Another  issue  is  in-service 
degradation.  Conventional 
NDT  has  been  relatively 
successful  if  voids  and 
disbonds  are  generated  and 
the  bond  layer  is  accessible 
for  examination.  It  is  very 
important  then  that  NDT  be 
considered  during  the 
component  design  phase. 

To  address  these  issues, 
the  program  objectives 
include  (1)  to  establish  and 
improve  NDE  techniques  to 
assure  adhesive  bond 
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integrity  in  Army 
structures,  (2)  to  provide 
more  effective  production 
control  over  process 
variables  and  product 
uniformity  associated  with 
adhesively  bonded  structures 
and  (3)  to  implement  the 
above  via  the  generation  of 
procedural  documentation  for 
quality  verification. 


Program  Plan 

Existing  technology  will  be 
exploited  and  implemented  to 
obtain  more  reliable 
detection  and  definition  of 
disbonds  and  delaminations 
in  Army  structures.  The 
Nondestructive  Testing 
Information  Analysis  Center 
(NTIAC)  and  Plastics 
Technical  Evaluation  Center 
(PLASTEC)  will  be  used  to 
achieve  this. 

Several  efforts  will  be 
conducted  to  develop  NDE 
techniques  to  quantitatively 
measure  the  adhesive  quality 
of  the  cured  adhesive  layer 
and  quality  of  adhesion 
between  the  adhesive  and 
bonding  surfaces.  Work  to 
achieve  this  end  will  be 
performed  both  in-house  and 
under  contract. 

What  follows  is  a  brief 
discussion  of  each  of  the 
projects  currently  being 
undertaken  and  the  status  of 
each.  Following  that,  a 
description  of  future 
thrusts  will  occur.  Special 
attention  should  be  given  to 
the  workshop,  which  is  a 
direct  follow-on  to  the 
present  conference. 


PROJECTS/STATUS 

WORKSHOP  ON  NDE  OF  ADHESIVE 
BOND  INTEGRITY-The  proposed 
workshop  on  NDE  will  extend 
the  topic  of  NDE  beyond  the 
present  symposium  and  will 
focus  on  summarizing  the 
current  state-of-the-art 
regarding  NDE  of  adhesive 
bond  integrity  and 
determining  what  needs  to  be 
done  to  expand  the  state-of- 
the-art  for  practical 
applications.  The  proposed 
Workshop  is  scheduled  for 
April  of  1988  in  Orlando, 
FL.  It  will  be  run  in 
conjunction  with  the 
American  Society  for 
Nondestructive  Testing 
(ASNT)  spring  Conference 
during  the  week  of  11-15 
April.  Several  sessions 
of  the  ASNT  conference  will 
address  topics  relevant  to 
the  Workshop.  These 
sessions  will  compliment  the 
Workshop  by  providing  added 
input  to  Workshop 
participants.  The  Workshop, 
however,  will  operate 
separately  from  the  ASNT 
Conference . 

Specifically,  the  Workshop 
objectives  are  to: 

-identify,  summarize  and 
document  current  state- 
of-the-art  on  the  NDE  of 
adhesive  bond  integrity, 
-identify  present  and 
future  requirements  for 
the  NDE  of  adhesive  bond 
integrity 

-identify  new  and  emerging 
scientific  and  engineering 
opportunities  for  NDE  of 
adhesive  bond  integrity 
-endeavor  to  agree  on 
approaches  to  improve  NDE 
technology  for  adhesive 
bond  integrity  (  i.e. 
develop  a  plan  of  attack) 

-  foster  communication 
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among  workshop 

participants . 

Any  inquiries  regarding  the 
Workshop  may  be  addressed  to 
the  author. 

EVALUATION  OF  BOND  TESTING 
EQUIPMENT  FOR  INSPECTION  OF 
ARMY  ADVANCED  COMPOSITE 
AIRFRAME  STRUCTURE S -Th e 
objective  of  this  project  is 
to  evaluate  bond  testing 
equipment  presently  existing 
and  to  obtain  more  reliable 
detection  of  disbonds  and 
de laminations  in  Army 
adhesively  bonded  composite 
airframe  structures.  This 
project  expands  the  scope  of 
of  an  Air  Force  project 
which  evaluates  bond  testing 
equipment,  but  uses  as 
specimens  standard  reference 
samples.  The  present 
project  uses  real  specimens 
taken  from  aircraft 
components . 

Preliminary  results  of  the 
Air  Force  effort  indicate 
that  one  type  of  bond 
testing  equipment  may  be 
better  than  another, 
depending  on  the  type  of 
bonded  specimen.  It  is 
hoped  that  these  results 
will  carry  over  to  the 
adhesive  bonds  encountered 
on  Army  materiel. 

NDE  OF  ADHESIVE  BOND 
INTEGRITY:  STATE-OF-THE- 

ART  -REPORT  -Several  failures 
of  critical  parts  in 
aircraft  and  other 
applications  have  raised 
concerns  that  current 
technology  may  not  have  been 
used  properly  in  design, 
manufacture  and  quality 
control  or  that  new 
technology  may  be  needed. 
In  order  to  insure  the 
reliability  and  integrity  of 


bonded  joints, 

nondestructive  evaluation  is 
required  to  determine  the 
quality  of  bonded  joints. 
The  state-of-the-art-report 
will  review  and  document  the 
present  status  of 
nondestructive  evaluation  of 
adhesive  bonds  in  a  variety 
of  structures,  including 
organic  matrix  composites, 
metal  matrix  composites, 
thermoplastic  composites  and 
metal-metal  joints.  The 
report  will  include 
information  on 

characteristics  of  adhesive 
bonds,  bonding  processes  and 
bond  quality,  failure 
mechanisms,  inspection  needs 
during  fabrication  and  in- 
service,  currently  available 
NDE  methods  and  the  status 
of  quantitative  NDE. 

Various  databases  will  be 
searched  and  the  literature 
will  be  reviewed  and  the 
most  relevant  documents  will 
be  obtained.  The  report 
will  be  written  from  this 
and  from  information 
obtained  from  persons 
currently  working  in  the 
field  of  NDE  of  adhesives. 

Since  the  timing  of  this 
report  is  concurrent  with 
the  Workshop,  it  is  expected 
that  the  report  and  Workshop 
will  compliment  one  another 
and  information  will  be 
shared  between  the  two 
efforts . 

USING  LOW  VELOCITY  IMPACT 
FOR  QUALITY  ASSURANCE  OF 
ADHESIVELY  BONDED  JOINTS -The 
principle  goal  of  this 
research  effort  is  the 
development  of  a  reliable 
method  for  assessing  the 
structural  integrity  of 
bonded  composite  structures. 
The  approach  includes  a 
thorough  investigation  of 
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interface  properties  with 
particular  emphasis  on 
structures  where  there  is 
limited  adhesion  between 
adhesive  and  adherend. 

While  many  nondestructive 
testing  techniques  have 
proven  useful  for  a  wide 
variety  of  cohesive  defects, 
there  is  not  now  available  a 
reliable  method  for 
inspecting  bonded  joints  for 
defects  in  adhesion. 
Surface  cleanliness  is 
critical  to  bond  strength. 
Even  in  minute  quantities, 
the  presence  of  contaminants 
on  the  surface  of  a  part  can 
adversely  affect  bond 
integrity.  Conventional 
nondestructive  test  methods 
are  not  capable  of  detecting 
these  weak  bonds. 

The  novel  approach  to  this 
project  is  based  on  the 
propagation  of  a  high 
amplitude  tensile  stress 
wave  across  the  adhesive- 
adherend  interface.  The 
approach  is  not  totally 
nondestructive,  but  rather 
functions  along  the  lines  of 
a  localized  proof  test. 
Tensile  stresses  will  be 
generated  at  the  adhesive- 
adherend  interface  with  an 
impact  sufficient  enough  to 
produce  failure  in  a  weak 
joint  while,  it  is  hoped, 
not  affect  the  integrity  of 
a  well  bonded  structure. 
This  includes  the  avoidance 
of  impact  damage.  If 
successful,  the  test 
procedure  would  be  to  impact 
a  bonded  structure  at 
several  points  along  it's 
surface  with  sufficient 
amplitude  to  produce  a  local 
tensile  proof  stress  at  the 
bondline.  Since  debonds 
would  be  created  in  the 
weakly  bonded  regions  while 
well  bonded  regions  would  be 


left  intact,  an  ultrasonic 
C-scan  could  then  be  used  to 
detect  the  debond  regions. 
The  main  task  is  then  to 
determine  the  appropriate 
stress  levels,  if  they 
exist,  for  various  bonding 
scenarios  (  m e  t  a  1 -m e  t  a  1 , 
metal -honeycomb  etc.). 

NDE  OF  ADHESIVE  BONDS-This 
is  a  general  project  at  this 
point.  The  objective  of 
this  work  will  be  to 
evaluate  various  NDE 
techniques  applied  to 
adhesive  bond  inspection. 
The  effort  will  be  centered 
on  laser  based  techniques 
and  perhaps  high  frequency 
ultrasound . 

TEST  SPECI MENS -Aluminum- 
aluminum  lap  shear  specimens 
are  being  procured  for 
ultrasonic  evaluation  of 
surface  finish  variations. 
These  variations  include  (1) 
using  as-recieved  aluminum, 
(2)  using  the  prescribed 
cleaning  and  etching,  (3) 
over-etching  and  (4) 
deliberate  contamination. 
These  specimens  will  be 
evaluated  using  ultrasonic 
methods  described  below, 
followed  by  tensile  tests 
which  will  be  monitored  by 
acoustic  emission. 

ULTRASONIC  DATA  AQUISITION 
EQUIPMENT  PROCURED-Digital 
analyzers  have  been  procured 
which  are  capable  of 
capturing,  storing  and 
manipulating  the  short 
duration  signals  associated 
with  thin  bondlines.  An 
array  processor  is  being 
procured  which  will  allow 
many  more  calculations  to  be 
done  in  real-time.  This 
will  be  very  powerful  in 
extracting  more  information 
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which  can  then  be  displayed 
via  the  NDE  methods  to  be 
described  next. 

DEVELOP  NDE  TECHNIQUES- 
Available  in-house  are 
systems  for  ultrasonic 
velocity  and  defect  scans 
(both  in  C-scan  format). 
Development  work  has  led  to 
a  B-scan  capability.  By 
having  the  B-scan 
capability,  which  shows  a 
slice  through  a  specimen 
(cross-section),  a 
visualization  of  the 
bondline  is  arrived  at. 
Combining  these  capabilities 
with  the  equipment  being 
procured  will  allow  more 
feature  scans  to  be 
displayed.  In  other  words, 
more  information  will  be 
able  to  be  extracted  from 
the  bondline. 


FUTURE  THRUSTS 

Many  of  the  efforts 
discussed  are  multi-year 
taskings.  Other  programs 
will  be  used  to  broaden  the 
scope  of  the  present  one. 
The  Small  Business 
Innovative  Research  (SBIR) 
program  is  an  excellent 
mechanism  for  encouraging 
innovative  and  imaginative 
research.  The  Army  Research 
Office  (ARO)  Summer  Faculty 
Program  allows  for  the  hire 
of  faculty  from  universities 
while  the  schools  are  on 
summer  break.  Topics  for 
these  programs  will  probably 
center  on  spectroscopic 
and/or  X-ray  methods  to 
evaluate  bond  integrity. 

It  might  be  noted  at  this 
time  that  the  Sagamore  1988 
summer  conference  will  focus 
on  adhesive  bonding.  The 
role  the  present  program  has 


in  the  Sagamore  conference 
is  unknown  at  this  time,  but 
it  will  be  significant. 


CONCLUSION 

Two  approaches  will  be 
investigated  to  improve  Army 
bonding : 

(1)  implement  existing 
technology 

(2)  develop  a  bond 
strength  measurement 
technique . 

existing  technology  will  be 
exploited  and  implemented  to 
obtain  more  reliable 
detection  of  disbonds  and 
delaminations.  A  special 
task  will  be  conducted  to 
evaluate  commercially 
available  NDT  equipment  on 
aircraft  specimens.  This 
task  will  augment  an  ongoing 
Air  Force  special  task  with 
the  same  goal.  A  State-of- 
the -Art -Report  on  NDE  of 
adhesive  bonding  will  be 
prepared  and  a  Workshop  will 
be  devoted  to  the  subject. 

Several  efforts  will  be 
conducted  to  develop  NDE 
techniques  to  quantitatively 
measure  the  adhesive  quality 
of  the  cured  adhesive  layer 
and  quality  of  the  adhesion 
between  adhesive  layer  and 
bonded  surfaces.  Specimens 
will  be  made  and  several 
promising  ultrasonic 
spectroscopy  and  signal 
analysis  techniques  for 
examining  the  quality  of  the 
adhesive  will  be 
investigated  in-house.  A 
contract  has  been  let  to 
investigate  NDE  bondline 
characterization  techniques. 
The  Small  Business 
Innovative  Research  and  Army 
Research  Office  Summer 
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Faculty  programs  will  also 
be  utilized  to  address  the 
issue  of  NDE  of  adhesive 
bonding. 
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ABSTRACT 


Non-destructive  analysis  through 
damping  capacity  measurements 
were  performed  to  analyze  contri¬ 
butions  from  intrinsic  defects 
caused  by  improper  curing  of  the 
adhesive  and  induced  porosity  on 
the  performance  of  adhesively 
bonded  joints.  The  damping 
measurements  were  made  using  an 
impulse-frequency  response 
technique.  Double-lap  adhesively 
joined  specimens  were  excited  in 
flexural  vibration.  The  specimen 
response  was  measured  with  an 
eddy  current  probe.  A  fast 
fourier  transform  analyzer  was 
used  for  rapid  acquisition  of 
data  and  computation  of  damping 
(loss  factor)  by  curve  fitting  to 
the  frequency  response  function. 
Strength  of  the  adhesive  joint 
was  determined  for  the  two 
different  types  and  levels  (size 
and  volume)  of  defects.  The 
damping  characteristics  was  found 
to  correlate  well  with  strength, 
with  strength  decreasing  and 
damping  increasing  with  increasing 


severity  of  the  defect.  The  micro¬ 
mechanisms  governing  the  performance 
and  durability  of  bonded  joints  are 
discussed  in  temns  of  the  specific 
role  of  several  concurrent  and 
mutually  competitive  factors  involving 
curing  time,  curing  temperature, 
adhesive  degassing  time,  adhesive 
chemistry  and  specimen  geometry. 

1 .  INTRODUCTION 

In  recent  years,  adhesive  bonding 
of  metals  has  engendered  considerable 
interest  in  the  aerospace,  transportation 
and  other  high  technology  industries, 
and  has  great  potential  for  replacing 
traditional  joining  techniques  in  a 
growing  number  of  applications.  There 
are  several  reasons  for  the  application 
of  adhesive  bonding: 

(1)  separation  of  dissimilar  metals  to 
prevent  galvanic  corrosion, 

(2)  absorption  of  vibration  from  one 
component  to  another,  and 

(3)  joining  cold  rolled  or  heat 
sensitive  materials. 


*  formerly  with  Materials  Modifications  Inc. 
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In  addition  to  providing  savings 
in  weight,  reduced  part  count, 
manufacturing  cost  effectiveness 
and  aerodynamically  smooth  surfaces 
adhesive  bonding  is  attractive 
primarily  because  it  offers 
considerable  advantages  that  often 
outweigh  their  higher  cost  (1). 

For  example,  the  transfer  of  stress 
occurs  over  an  entire  bond  area, 
thereby  avoiding  stress  concentra¬ 
tions  that  occur  with  welding, 
riveting  and  fastening  with 
screws  (2) . 

Use  of  adhesive  bonding 
simplifies  construction  and 
obviates  the  harmful  effects  of 
elevated  temperatures  associated 
with  welding  and  brazing,  resulting 
in  improved  appearance  and  reduced 
weight.  In  spite  of  the  advantages 
being  manifold,  progress  in  the 
use  of  adhesive  bonding  in  primary 
structures  (3)  has  been  painfully 
slow  and  hampered  by: 

(a)  an  inability  to  guarantee  that 
the  completed  joint  is  of 
adequate  strength,  and 

(b)  lack  of  adequate  non-destructive 
testing  procedures  without 
which  the  reliability  of  a 
structure  cannot  be  guaranteed. 
An  important  consideration  in 

the  acceptance  of  an  adhesive  joint 
for  a  particular  end  use  is  its 
durability  or  permanence.  Ideally, 
the  most  reliable  information  on 
the  durability  characteristics  of  a 
given  adhesive  and/ or  adherend- 
adhesive  system  need  to  be  developed 
by  subjecting  the  test  sample  to 
conditions  comparable  to  those  of 
the  glued  product  in  service. 

However,  such  long  term  tests  are 
impractical.  Consequently,  greater 
reliance  is  being  placed  on  results 
obtained  from  short  term  accelerated 
tests.  Non-destructive  test  techni¬ 
ques  could  predict  the  strength  of 
an  adhesive  bond.  However,  this  is 
difficult  to  achieve,  partly  because 
a  direct  measurement  of  strength 
cannot  be  non-destructive.  Hence, 
it  is  advantageous  to  correlate 


strength  with  properties  such  as 
stiffness,  damping  and  bond  area. 
Recent  studies  have  found  the 
impulse-frequency  response  technique 
to  be  an  effective  non-destructive 
test  technique  for  evaluating 
dynamic  mechanical  properties  (4-6) . 
Since  the  stress  distribution  in  a 
typical  adhesive  joint  is  far  from 
uniform,  the  strength  is  sensitive 
to  the  integrity  of  some  areas 
of  the  joint  than  to  the  others  (7). 
The  basic  premise  of  the  work 
reported  here  was  that  measurements 
of  the  dynamic  mechanical 
properties  of  an  adhesively  bonded 
member  could  be  used  to  indicate 
the  structural  integrity  of  the 
adhesive  joint. 

In  this  paper  the  contributions 
from  intrinsic  defects  of  varying 
level  (size  and  volume)  and 
degree  of  severity  caused  by 
improper  curing  and  induced  porosity 
on  the  performance  of  double-lap 
adhesive  joint  bonded  with  a 
structural  epoxy  adhesive  is 
analyzed.  The  defects  were 
created  through  careful  control 
of  processing  variables  and  the 
analysis  was  performed  non- 
destructively  using  the  impulse- 
frequency  response  technique. 

The  micromechanisms  governing  the 
performance  and  durability  of 
bonded  joints  are  discussed  in  terms 
of  the  specific  role  of  several 
competing  and  mutually  concurrent 
factors  involving  cure  time, 
curing  temperature,  adhesive 
degassing  time,  adhesive  chemistry 
and  specimen  geometry. 

2.  EXPERIMENTAL  PROCEDURES 
AND  TECHNIQUE 

A  double-lap  specimen 
configuration  with  provisions  for 
clevis  pins  was  chosen  (Figure  1) . 
The  clevis  pins  facilitates  loading 
of  the  test  specimen  in  a  servo- 
hydraulic  structural  test  machine. 
The  material  chosen  for  the  adherend 
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was  a  hot  rolled  structural  steel 
having  a  fine  grain  size,  while 
the  adhesive  was  a  mixture  of  EPON 
815  epoxy  and  Hardener  V-40. 

Details  of  the  specimen  design 
and  configuration  can  be  found 
elsewhere  (8) . 

The  surface  layer  of  the 
adherend  in  its  original  state 
has  a  deleterious  effect  on 
adhesive  bond  strength  and  needs 
to  be  removed  by  suitable  treatment 
before  bonding  (9).  In  order  to 
render  the  steel  adherends  receptive 
to  bonding,  the  ASTM  Standard 
Practice  for  preparation  of 
metal  surfaces  for  adhesive 
bonding,  D26510-798  was  used. 

The  suggested  ten  minute  etch 
with  strong  sulfuric  acid- 
sodium  dichromate  solution  was 
replaced  by  polishing  the 
surfaces  with  400-grit  silicon 
carbide  paper  wetted  with  dilute 
sulfuric  acid.  The  residue  was 
washed  with  warm  water  and  the 
adherends  stored  in  acetone 
until  use.  This  procedure 
enhances  bond  strength  by: 

(a)  removing  the  rust  and 
exposing  the  bare  steel 
surface,  and 

(b)  roughening  the  surface, 
therebym  increasing  the 
area  for  bonding. 

The  adhesive  was  prepared 
in  accordance  with  manufacturers 
specifications.  Epon  815,  a 
plasticised  liquid  epoxy  resin 
was  mixed  with  Hardener  V-40  in 
the  proportion  of  100  parts  of 
Epon  and  80  parts  of  Hardener 
by  weight.  The  adhesive  was 
prepared  at  ambient-room 
temperature  (23  C)  in  laboratory 
air  environment,  using  weight 
proportioning.  The  resin  and 
hardener  were  thoroughly  mixed  for 
20  seconds  to  ensure  a  uniform 
mixture.  Following  mixing,  the 
adhesive  was  degassed  under 
vacuum  at  a  temperature  of  100  C 
for  a  period  of  seven  minutes. 

The  viscous  adhesive  was  then 
poured  into  the  'female'  adherend 


positioned  in  the  jig.  The  'male' 
adherend  was  lowered  into  the 
double-lap  female  adherend  to  form 
the  required  joint.  The  assembled 
jig  with  adherends  in  position  was 
placed  in  a  furnace  for  curing  at 
an  elevated  temperature  of  100  C. 

The  elevated  temperature  facilitates 
acceleration  of  the  cure  process. 

The  cured  composite  specimens 
were  then  stored  for  48  hours  in  a 
low  humidity  environment  in  order 
to  minimize  any  environmental 
effect  on  bond  stability. 

In  the  Fast  Fourier  Transform  (FFT) 
based  impulse  technique  (5,6), 
excitation  of  flexural  modes  (Figure  2) 
of  vibration  in  the  specimen  is 
obtained  by  tapping  the  specimen 
with  an  electromagnetic  hammer 
which  has  a  piezoelectric  force 
transducer  attached  to  its  tip. 

The  specimen  response  is  sensed 
by  a  non-contacting  eddy  current 
proximity  detector  positioned  at 
a  desired  location  away  from  the 
nodal  points.  The  input  signal 
from  the  force  transducer  and 
the  response  signal  from  the 
motion  transducer,  are  fed  into 
the  FFT  analyzer,  and  the 
desired  frequency  response  function 
on  the  desired  frequency  span  is 
displayed  on  the  analyzer  screen 
in  real  time. 

A  computer  program  written 
in  BASIC  for  the  HP-85  computer 
was  used  for  data  acquisition 
and  reduction.  The  program  reads 
binary  values  from  the  memory  of 
the  FFT  analyzer,  makes  the  corres¬ 
ponding  transformations  to  the 
current  scale,  locates  the  points 
on  either  side  of  the  half-power 
points,  and  finds  the  half-power 
points  by  interpolation.  The 
resonant  frequency,  f  ,  and  the  half¬ 
power  bandwidth  are  used  in 
Equation  (1)  to  find  the  loss  factor 


n 
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where 

Af  =  bandwidth  at  the  half¬ 
power  points  of  resonant 
frequency. 

f  =  resonant  frequency  of  the 
n  th  mode. 

In  the  flexural  test  tech¬ 
nique,  the  adhesive  end  of  the 
composite  specimen  (two  steel 
adherends  held  together  by  a 
double-lap  adhesive  joint)  was 
clamped  to  a  depth  of  one  inch 
(25  mm) ,  while  the  adhesive  and 
the  other  end  of  the  composite 
specimen  were  free,  giving  a 
fixed-free  end  condition.  The 
non-contacting  eddy  current 
probe  was  positioned  at  the  free 
end.  The  advantages  of  using  an 
electromagnetic  hammer  having  a 
piezoelectric  force  transducer 
at  its  tip  is  outlined  in  detail 
by  Suarez  and  Gibson  (6) .  Details 
of  the  test  technique  are 
described  elsewhere  (8) . 


3.  RESULTS  AND  DISCUSSION 

3.1  Effect  of  Curing  on  Adhesive 

Joint  Response 

Improper  curing,  that  is, 
too  low  a  curing  temperature  or 
inadequate  time  at  the  required 
curing  temperature  or  improper 
mixing  of  the  components  of  the 
adhesive  are  factors  responsible 
for  variation  in  physical  prop¬ 
erties  of  an  adhesive  due  to 
insufficient  cross-linking  of  the 
polymer.  Composite  specimens 
with  the  adhesive  cured  over  a 
range  spanning  the  under-cured 
(low  stiffness  and  strength)  to 
fully  cured  condition  (high 
stiffness  and  strength)  were 
obtained  by  varying  the  cure 
time.  Cure  time  is  the  amount 
of  time  the  specimen  is  in  the 
oven.  Cure  schedules  with  cure 
time  settings  of  60  minutes. 


120  minutes,  180  minutes  and 
240  minutes  (complete  cure)  at  the 
cure  temperature  were  chosen. 

Dynamic  tests  in  the  flexural 
mode  were  conducted  on  the  composite 
specimens  using  an  impulse-frequency 
response  technique.  The  tests 
were  performed  at  ambient,  room 
temperature  (23  C) .  Prolonged 
delay  in  testing  following 
accelerated  curing  for  different  time 
periods  was  avoided  since  it  could 
result  in  self-correction  of 
poor  cure,  i.e.,  the  chemical 
reaction  could  continue  at  the 
ambient  temperature,  albeit 
slowly.  On  the  other  hand,  tests 
showed  that  properties  changed 
significantly  within  the  first 
few  hours  after  curing,  as  the 
material  reached  equilibrium. 

Thus ,  in  order  to  minimize 
contributions  from  prolonged 
delay  or  non-equilibrium  conditions, 
the  dynamic  tests  were  conducted 
following  a  48  hour  delay  period 
for  the  different  cured  conditions. 

The  effect  of  cure  time  (at 
constant  cure  temperature  of  100  C) 
on  dynamic  mechanical  properties 
is  summarized  in  Table  2.  From 
this  Table,  it  is  observed  that 
undercuring,  i.e.,  curing  for 
time  periods  less  than  the  prescribed 
time  period  (240  minutes)  results 
in  an  increase  in  damping  (loss 
factor) .  The  increase  is  as  high 
as  35  percent  for  the  specimens 
cured  for  only  60  minutes.  At  cure 
time  of  120  minutes  the  increase 
in  damping  was  only  marginal.  The 
marginal  increase  in  damping  suggests 
that  the  adhesive  achieves  a 
stable  and  favorable  molecular 
network  structure  at  time  periods 
beyond  120  minutes.  As  a  result,  there 
occurs  a  complete  bonding  of  the 
adhesive  to  the  steel  adherend. 

The  variation  of  loss  factor  with 
cure  time  is  exemplified  in  Figure  4. 

Several  mechanistic  explanations 
can  be  put  forth  to  account  for  the 
the  transient  change  in  damping. 

The  high  temperature,  short  cure 
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time  schedule  represents  a 
highly  unsteady  condition  favoring 
the  build-up  of  large  thermal 
stresses.  However,  these  stresses 
are  most  likely  relieved  during 
the  slow  cool-down  rate  and  is 
an  appealing  rationale  for  the 
adhesive  developing  a  more  stable 
and  favorable  molecular 
structure  (10). 

Variation  in  the  degree  of 
shrinkage  of  the  adhesive  is 
a  plausible  reason  for  the 
observed  change  in  damping  and 
stiffness.  A  study  on  the  effect 
of  glue-line  thickness  on  bonded 
steel-to-steel  joints  revealed 
that  the  shrinkage  of  the 
adhesive  is  a  function  of  its 
thickness  (11).  For  joint  thick¬ 
ness  greater  than  0.06  inch  the 
adhesive  shrinkage  was  observed 
not  to  degrade  strength.  Since 
the  thickness  of  the  adhesive 
in  the  adhesively  joined  composite 
steel  specimen  used  in  this 
study  is  0.04  inch,  contributions 
to  damping  from  shrinkage  if 
any,  cannot  be  ruled  out. 

The  other  reason  for  the 
observed  change  in  damping 
(loss  factor)  could  be  due  to 
a  combination  of : 

(a)  the  chemical  nature,  and 

(b)  the  physical  characteris¬ 
tics  of  the  adhesive  in 
relation  to  the  adherend. 

Controlled  wetting  and  penetration 
are  two  important  prerequisites 
which  need  to  be  satisfied  for 
the  formation  of  a  joint  of 
sound  integrity.  For  these 
two  conditions  to  be  fulfilled, 
an  appropriate  viscosity  level  is 
imperative  (12).  Attainment  of 
this  viscosity  level  is  contingent 
upon: 

(1)  components  of  the  adhesive 

(2)  cure  temperature,  and 

(3)  cure  time. 

The  first  two  factors  were  held 
as  constant  as  possible  in  this 
experiment.  Thus,  the  over-riding 
or  controlling  factor  is  the  cure 
time  and  it  was  observed  to  have 


only  a  marginal  influence  on  joint 
performance. 

Results  of  the  dynamic  tests 
reveal  only  a  marginal  change  in 
resonant  frequency  with  cure  time 
(Table  2) .  While  the  different 
degrees  of  cure  do  not  cause  any 
dramatic  change  in  the  1st  mode 
resonant  frequency  (Figure  5) ,  the 
corresponding  change  in  loss 
factor  is  significant  for  the 
60  minute  cure  (Figure  4) . 

The  shear  strength  of  the 
adhesive  joint  was  determined  by 
uniaxial  loading  of  the  composite 
specimen  in  a  servohydraulic  testing 
machine.  Failure  was  taken  to  be 
the  point  at  which  the  'male' 
adherend  separates  from  the  'female' 
adherend  due  to  failure  of  the 
adhesive  layer.  Provision  was 
made  at  the  adhesive  end  of  the 
composite  specimen  to  accommodate 
a  clip-gage  type  extensometer 
which  measures  the  relative 
movement  of  the  adhesive  layer  during 
deformation  of  the  composite  specimen 
under  a  uniaxial  (tensile)  load. 

A  load-displacement  curve  was 
obtained  on  an  X-Y  recorder.  From 
the  load-displacement  curve,  the 
shear  stress  (  V  )  and  the  shear 
strain  (  )  at  failure  were 

determined . 

The  adhesive  cured  for  60 
minutes  at  the  temperature  of 
100  C  will  henceforth  be  referred 
to  as  an  under-cured  condition. 

It  is  observed  that  the  shear 
strength  is  lowest  for  the  under 
cured  condition.  When  compared 
with  the  strength  of  the  completely 
cured  adhesive  joint,  a  degradation 
in  shear  strength  is  observed  for 
the  under-cured  adhesive  (Figure  6) . 
The  severity  of  the  under-cured 
condition  is  responsible  for  the 
degradation  in  strength  which  is 
as  high  as  55  percent  (Table  2) . 

A  decrease  in  strength  of  the 
adhesive  joint  results  in  a 
concomitant  increase  in  damping 
of  35  percent  (Table  2) .  For 
the  specimens  cured  for  120  minutes 
and  180  minutes,  the  adhesive 
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joints  are  observed  to  be  stronger 
than  the  perfectly  cured  specimen. 
This  trend  confirms  the  observation 
that  the  adhesive  achieves  a  stable 
molecular  structure  at  times 
beyond  120  minutes.  A  comparison 
of  the  shear  stress-shear  strain 
curves  for  the  different  cure 
times  is  made  in  Figure  7. 

3.2  Effect  of  Porosity  on  Joint 

Performance 

Voids  or  large  gas  bubbles 
are  caused  by  a  lack  of  adhesive 
or  by  the  presence  of  foreign 
matter  on  the  adherends,  or  even 
in,  the  adhesive.  Porosity  of 
the  adhesive  is  similar  to 
voiding  except  that  the  size  of 
the  bubbles  are  much  smaller.  It 
is  usually  caused  by  volatiles 
or  gases  trapped  in  the  adhesive. 
Porosity  is  a  major  problem  in 
composite  adherends  and  occurs 
when  the  absorbed  moisture 
vaporizes  during  the  cure  cycle 
to  produce  bubbles  in  the 
adhesive. 

The  degree  of  porosity  in  the 
adhesive  was  controlled  by  varying 
the  degassing  time  of  the  liquid 
adhesive.  By  degassing  the  adhesive 
under  vacuum  for  times  less  than 
the  time  prescribed  for  complete 
degassing,  air  and  product  gas 
resulting  from  the  reaction 
between  the  epoxy  and  hardener 
are  trapped  in  the  adhesive 
mixture.  Thus,  the  volume  of 
air  and  reaction  gas  pockets 
(pores)  are  likely  to  be  greater 
when  the  adhesive  mixture  was 
not  degassed. 

Preliminary  tests  revealed 
a  migration  of  pores  to  the  top 
portion  of  the  double-lap 
adhesive  joint  and  eventual 
breakdown  of  these  pores  and 
voids  during  curing  at  an  elevated 
temperature  (100  C) .  Therefore, 
to  minimize  the  depletion  of 
induced  pores  and  voids  by  the 
elevated  temperature  cure,  the 
porosity  specimens  were  allowed 


to  cure  at  ambient  temperature 
(25  C)  for  a  period  of  7  days. 

When  compared  with  a  totally 
degassed  mixture  (7  minutes),  the 
adhesive  mixture  which  was  not 
degassed  (referred  to  as  0  minutes 
in  Table  3  and  in  Figures  8-11) 
prior  to  pouring,  caused  a  drastic 
change  in  dynamic  properties  of 
the  adhesive  joint.  The  loss 
factor  for  the  different  degassing 
times  (0,  2  and  7  minutes), 
reveals  an  increase  as  high  as 
445  percent  for  the  composite 
specimen  whose  adhesive  mixture 
was  not  degassed  (Case:  0  minutes) 
(Figure  8) .  The  change  in  first 
mode  resonant  frequency  caused 
by  the  presence  of  fine  micro¬ 
scopic  pores  and  voids  was  only 
marginal  as  shown  in  Table  3  and 
exemplified  in  Figure  9. 

The  impulse-frequency 
response  technique  successfully 
detects  and  magnifies  the  presence 
of  pores  and/or  voids  as  is  evident 
by  a  large  change  in  damping  (loss 
factor) .  The  volume  fraction  of 
flaws  caused  by  the  entrapped 
air  and  product/reaction  gases, 
i.e.,  pores  and  voids,  results  in 
a  marked  degradation  in  the  shear 
strength  of  the  adhesive  joint  as 
summarized  in  Table  3.  The 
volume  fraction  of  pores  and/or 
voids  in  the  undegassed  adhesive 
mixture  coupled  with  contributions 
from  adhesive  chemistry  and  changes 
in  reaction  kinetics,  results  in 
the  adhesive  joint  having  inferior 
strength  (Figure  10)  and  exhibiting 
increased  damping.  While  the 
degradation  in  strength  is  75 
percent,  the  concomitant  change 
in  damping  is  as  high  as  445 
percent.  It  seems  likely  that 
the  pores  at  an  adhesive-adherend 
interface,  act  as  debond  area 
and  consequently,  degrade  the 
strength  of  an  adhesive  joint. 

From  Figure  8,  Figure  10  and 
Table  3,  it  is  evident  that 
degassing  the  adhesive  mixture 
for  even  short  periods  of  time, 
say  2  minutes,  is  adequate  to 
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to  reduce  the  total  amount  of 
entrapped  air  in  the  adhesive 
mixture,  and  complete  the  reaction 
kinetics  of  the  adhesive  mixture 
thus,  minimizing  contribution 
from  these  factors  and  resulting 
in  only  a  marginal  change  in 
damping  and  frequency. 

Since  the  joints  were 
observed  to  fail  primarily  by 
interface  separation,  it  is 
expected  that  the  pores  at  an 
interface  would  affect  the 
strength  (8) .  Damping  is 
influenced  by  pores  both  at  the 
surface  and  those  embedded  in  the 
adhesive.  This  hypothesis  was 
born  out  by  the  results  obtained 
in  this  intensive  study.  It 
seems  plausible  that  the  reaction 
kinetics  between  the  EPON  815 
epoxy  and  the  hardener  is 
different  when  the  adhesive 
mixture  is  not  degassed  under 
vacuum  when  compared  to  the 
strong  reaction  accompanied  by 
the  evolution  of  gas  bubbles 
that  occurs  when  degassed  under 
vacuum.  The  change  in  reaction 
kinetics  could  be  an  additional 
factor  contributing  to  the 
observed  differences  in  damping 
and  strength. 

The  strength  and  damping 
of  the  adhesive  joint  are  very 
sensitive  to:  (1)  porosity, 

(2)  changes  in  reaction  kinetics 
of  the  adhesive  mixture,  and 

(3)  chemistry  of  the  adhesive. 

The  impulse-frequency  response 
techniques  gives  a  sensitive 
measure  of  the  presence  of  fine 
microscopic  defecrs  such  as  pores, 
changes  in  reaction  kinetics 

and  adhesive  chemistry. 

4.  CONCLUDING  REMARKS 

While  specific  results  have 
been  presented  in  the  discussions, 
the  major  conclusions  of  this 
study  can  be  summarized  as  follows: 

(a)  The  impulse-frequency  response 
technique  based  on  the  use 


electromagnetic  hammer  in 
conjunction  with  a  EFT  analyzer 
and  a  microcomputer  successfully 
detects  the  presence  of  intrinsic 
flaws  as  is  reflected  by  a 
pronounced  change  in  damping 
(loss  factor)  with  an  increase 
in  size,  number  density  and 
severity  of  the  flaws. 

(b)  The  observed  change  in  damping 
with  cure  time  at  the  accelerated 
cure  temperature  is  attributed 

to  several  competing  mechanistic 
processes  involving:  (i)  shrinkage 
of  the  adhesive,  (ii)  chemical 
and  physical  characteristics 
of  the  adhesive  relative  to  the 
adherend,  and  (iii)  thermal 
stresses . 

(c)  Fine  pores  and  microscopic 
voids  induced  by  not  degassing 
the  adhesive  in  conjunction 
with  changes  in  reaction 
kinetics  of  the  adhesive  mixture 
causes  a  large  change  in  damping 
which  is  detected  by  the  impulse 
technique.  The  internal  pores 
affect  damping  while  those 

at  an  interface  contribute  to 
degradation  in  strength  besides 
causing  change  in  dynamic 
response. 
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Figure  1.  Schematic  showing  configuration  of  the  composite 
test  specimen. 


TABLE  1.  Dimensions  of  the  Composite  Test  Specimen  and  Test 
Conditions . 


(a) 

Length  of  composite  specimen 

127.0  mm 

(b) 

Width  of  composite  specimen 

= 

19 . 05  mm 

(c) 

Adherend  thickness 

= 

1.524  mm 

(d) 

Adhesive  thickness 

= 

1.016  mm 

(e) 

Density  of  Steel 

= 

7.76  g/cm^ 

(f) 

Yield  strength  of  steel 

= 

379.0  MPa 

(g) 

Tensile  strength  of  steel 

= 

571.0  MPa 

(h) 

Density  of  Epoxy  (EPON  815) 

= 

1.085  g/cm^ 

(i) 

Test  temperature 

= 

70-80  F 

(j) 

Humidity 

= 

55-65  percent 
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Figure  2.  Block  diagram  showing  the  flexural  vibration 
apparatus  (Ref.  6) . 
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Figure  3.  Flow  chart  for  data  acquisition  and  reduction 
program  CRef.  6). 
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Effect  of  Curing  Time  on  Loss  Factor,  Resonant  Frequency 
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Figure  4.  Effect  of  accelerated  cure  time  on  damping 
(loss  factor)  of  adhesive  joint. 


Figure  5.  Variation  of  1st  Mode  resonant  frequency  (Hz)  of 
adhesive  joint  with  cure  time  (minutes) . 
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Figure 


5.  Variation  of  joint  shear  strength  (p 
time  (minutes) . 
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Figure  7.  Comparison  o 
strain  curve 
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RESONANT  FREQUENCY  (Hz) 


DEGASSING  TIME  (Minutes) 


Figure  8.  Effect  of  adhesive  degassing  time  (minutes)  on 
adhesive  ioint  damoina  (loss  factor) . 


Figure  9.  Variation  of  1st  mode  resonant  frequency  (Hz)  of 

adhesive  joint  with  adhesive  degassing  time  (minutes) 


SHEAR  STRENGTH  (psi) 


DEGASSING  TIME  (Minutes) 


Figure  10.  Variation  of  joint  shear  strength  (psi)  with 
adhesive  degassing  time  (minutes) . 


Figure  11.  Comparison  of  representative  shear  stress-shear 
strain  curves  for  the  different  degassing  times. 
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MOISTURE-RESISTANT  LOW-TEMPERATURE-CURING  ADHESIVES 


C.  Arab,  J.  Vogin,  D.  McNamara,  J.  Ahearn, 
A.  Berrier,  and  G.  Davis 
Martin  Marietta  Laboratories 
1450  South  Rolling  Road 
Baltimore,  Maryland  21227 


The  need  for  light¬ 
weight  materials  for  a  variety 
of  needs  has  led  to  the  fabri¬ 
cation  of  bonded  composite- 
metal  prototype  structures. 

For  bridge  applications  or 
high-humidity  environments, 
the  bonding  system  must  over¬ 
come  two  fundamental  problems 
affecting  bond  strength  and 
durability:  1)  the  thermal 
expansion  mismatch  between 
metal  alloys  produced  at  the 
conventional  bonding  tempera¬ 
tures  of  250°  -  350°F,  which 
leads  to  delaminations  at  use 
temperatures  (-50°  to  +160°F); 
and  2)  the  strength  loss  upon 
exposure  to  high-moisture 
environments. 

To  respond  to  these 
critical  needs,  we  have  been 
working  to  develop  adhesives 
that  are  practically  insensi¬ 
tive  to  moisture  effects  and 
can  achieve  high  bond 
strengths  upon  curing  at  or 
around  use  temperature.  In 
this  effort,  supported  by  the 


ABSTRACT 

U.S.  Army  Troop  Support  Com¬ 
mand's  Bel  voir  RD&E  Center,  we 
are  formulating  adhesives  with 
strength-improving  and 
moisture-resistant  additives 
and  then  screening/selecting 
the  most  promising  composi¬ 
tions.  To  date,  we  have 
achieved  durable  bulk  composi¬ 
tions  curing  at  temperatures 
below  70°C  (158°F)  by  advanc¬ 
ing  epoxy  compositions  to 
epoxy-equivalent  weights  of 
approximately  300  with  stiff, 
hydrophobic  chain  extenders 
containing  azo  and  fluoro 
groups. 

While  studing  the 
effects  of  chemical  modifi¬ 
cations  on  adhesive  embrittle¬ 
ment,  we  concluded  that  the 
elastic  energy  release  rate, 

G,  alone  does  not  adequately 
characterize  the  fracture 
resistance  of  these  adhe¬ 
sives.  However,  a  useful 
measure  of  total  fracture 
resistance  was  derived  when  an 
unload  compliance  test  was 
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applied  to  1/2-CT-plan  (B=0.25 
in.)  bulk-adhesive  specimens. 
This  measure  of  total  fracture 
resistance  was  shown  to  better 
characterize  adhesive  resis¬ 
tance  to  crack  propagation 
than  the  elastic  energy 
release  rate,  and  can  thus  be 
used  to  evaluate  improvements 
in  adhesive  formulation. 

1.  INTRODUCTION 

Systematic  evaluation 
of  structural  adhesives,  such 
as  epoxies  and  acrylics,  has 
shown  that  these  materials  are 
extremely  likely  to  lose  ini¬ 
tial  mechanical  properties 
(strength,  modulus,  etc.)  when 
subjected  to  adverse  environ¬ 
ments.^  In  fact,  the  degrada¬ 
tion  of  these  adhesives  is  so 
pronounced  in  high-relative- 
humidity  (RH)  and  high-temper¬ 
ature  environments  that  almost 
none  of  them  can  be  considered 
for  long-term  outdoor  applica¬ 
tions,  such  as  bonding  struc¬ 
tural  components  for  bridges. 
Under  high-RH  conditions, 
moisture  infuses  into  the 
polymer,  separating  polymer 
molecules  and  reducing  their 
secondary  bond  attraction,  so 
that  it  is  easier  for  the 


molecules  to  slide  past  each 
other.  A  high  degree  of 
crosslinking  is  therefore 
necessary  to  minimize  these 
effects  of  moisture.  But,  in 
most  thermosetting  adhesive 
systems,  the  development  of  a 
high  crosslink  density  re¬ 
quires  elevated-temperature 
curing,  conditions  difficult 
to  achieve  in  the  field.  What 
is  needed,  therefore,  is  a 
strong,  durable,  moisture- 
resistant  adhesive  that  cures 
at  ambient  temperatures.  In 
an  effort  to  address  this 
issue,  we  have  been  trying  to 
modify  low-temperature-curing 
commercial  adhesives  for  im¬ 
proved  performance.  Our  re¬ 
search  has  resulted  in  several 
promising  formulations,  as 
well  as  a  unique  approach  to 
evaluating  the  fracture  re¬ 
sistance  of  these  rather  brit¬ 
tle  materials. 

2.  BACKGROUND 

The  greatest  limitation 
associated  with  ambient- tem¬ 
perature-curing  adhesives  is 
the  low  degree  of  cure.  Iso¬ 
thermal  cure  at  a  temperature, 
Tcure*  below  the  ulti¬ 

mate  glass  transition  tempera- 
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ture  (Tg^)  leads  to  Tg  = 

^cure*  Hence,  for  thermoset 
adhesive  resins,  which 
generally  have  a  Tg^  above 
70°C,  curing  at  ambient 
temperature  results  in  vitri¬ 
fication  below  Tg^  and, 
eventually,  gelation. 

The  problem  becomes 
evident  when  the  gelled  mate¬ 
rial  is  heated:  devitrifica¬ 
tion  (i.e.,  increased  chain 
mobility)  takes  place  at  a 
temperature  and  is 

immediately  followed  by  a 
curing  exotherm  (see  Fig. 

1).^  Thus,  ambient- 
temperature-cured  adhesives 
never  attain  full  cure  nor 
full  mechanical  properties 
until  cured  at  elevated  tem¬ 
peratures.  Because  isothermal 
reactions  proceed  slowly  after 
vitrification,  the  low-tem¬ 
perature-cured  adhesives  tend 
to  age,  i.e.,  display  a  time- 
dependent  character.  For  in¬ 
stance,  Tjq^^  increases  with 
time  because  the  devitrifica¬ 
tion  or  softening  temperature 
approaches  the  ultimate  glass 
temperature,  Tg„,  as  cross- 
linking  occurs  in  the  glassy 
state  (see  Fig.  2).^ 

Brittleness  in  the 
adhesives  is  the  result  of 


high  crosslink  density,  which 
is  necessary  to  impart  rigid¬ 
ity  and  moisture  resistance. 
Brittle  materials  usually  fail 
by  unstable  crack  propagation 
at  applied  loads  well  below 
those  expected  from  materials 
strength  or  limit  load  analy¬ 
sis  (the  crack  is  usually 
initiated  from  processing- 
and/or  fabrication-induced 
flaws  and  microvoids  in  the 
material).  The  addition  of 
reactive  liquid  elastomers  to 
adhesive  formulations  can 
substantially  increase  their 
resistance  to  fracture  without 
sacrifice  of  stiffness.^*''* 

Pure  linear  elastic 
fracture  mechanics*^  (LEFM) 
fully  describe  adhesive  per¬ 
formance  for  brittle  materials 
but  not  for  tougher  and  less 
brittle  ones.  Indeed,  if  duc¬ 
tility  (plastic  deformation) 
is  sufficiently  high,  a  frac¬ 
ture  mechanics-type  analysis 
holds  little  meaning  and  sim¬ 
ple  limit  load  analysis  is 
sufficient.  The  question  then 
arises  of  how  to  analyze  per¬ 
formance  in  moderately  brittle 
adhesives.  To  solve  this 
problem,  we  drew  on  the  work 
of  Rice®  who  recognized  that 
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in  materials  where  limit  load 
analysis  is  not  useful,  duc¬ 
tility  represents  a  "plastic" 
resistance  to  crack  growth; 
accordingly,  he  introduced  the 
J-type  fracture  parameter  to 
evaluate  both  "elastic  and 
plastic"  crack  growth  resis¬ 
tance. 

3.  METHODOLOGY 

Our  approach  to 
developing  moisture-resistant, 
low-temperature-curi ng 
adhesives  is  to  screen  and 
evaluate  off-the-shelf 
adhesives,  use  the  best 
commercially  available 
adhesives  as  a  performance 
baseline,  and  test  the  effects 
of  additives  on  these  formula¬ 
tions.  We  selected  the  addi¬ 
tives  by  matching  a  desired 
property  with  a  plausible 
modification  procedure  that 
will  achieve  it  (see  Table 
1).  This  methodology,  how¬ 
ever,  exposes  the  contradic¬ 
tory  nature  of  some  of  the 
desired  goals.  For  instance, 
1)  a  high-temperature  cure  is 
usually  necessary  for  good 
environmental  durability;  2) 
chemical  structures  that  pro¬ 
vide  the  best  resistance 


against  adverse  environments 
also  yield  rigid  and  brittle 
adhesives  with  low  peel  and 
impact  strengths;  and  3)  func¬ 
tionalities  (e.g.,  hydroxyl) 
that  promote  cure  and  adhesion 
to  high-energy  surfaces  are 
also  hydrophilic.  Thus,  we 
have  combined  and  permuted  the 
various  resin  modification 
procedures  to  minimize  their 
deleterious  effects  and  maxi¬ 
mize  the  attainable  goals. 

Environmentally  sensi¬ 
tive  formulations  were 
screened  out  based  on  tensile 
tests  performed  on  bulk-adhe¬ 
sive  strips  conditioned  at 
120° F  and  80%  RH.  Single  lap- 

shear  measurements  were  then 
> 

conducted  on  selected  speci¬ 
mens  passing  the  bulk  tensile 
tests  to  both  augment  the  ten¬ 
sile  results  and  test  the  com¬ 
patibility  of  the  formulations 
with  the  standard  FPL  (Forest 
Products  Laboratory)  surface 
pretreatment  for  aluminum 
adherends.  The  need  for  frac¬ 
ture  testing  became  evident 
when  some  of  these  "durable" 
formulations  fell  apart  with 
little  or  no  applied  force 
during  the  lap-shear  measure¬ 
ments.  We  adopted  the  unload 


Table  1.  Approach 


Desired  Property 
Ambient- temperature  curing 

Toughness 


Environmental  durability 

High  modulus  and  shear  strength 


compliance  test  for  this  pur¬ 
pose  for  several  reasons:  it 
is  commonly  used  to  examine 
the  fracture  properties  of  ma¬ 
terials  undergoing  stable 
crack  growth;  samples  are  easy 
to  prepare;  and  with  digital 
data  acquisition,  a  single 
specimen  can  be  used  to  devel¬ 
op  a  great  deal  of  information 
about  the  contemporaneous 
fracture  mechanics  parameters 
K,  G,  and  J. 

4.  EXPERIMENTAL  PROCEDURE 

Our  formulation  proced¬ 
ure  is  summarized  in  Scheme  1. 
The  epoxide  ring-opening  reac¬ 
tion  of  the  resin  (diglycidyl 


Resin  Modification 

Reactive  RT  curing  agents 
Low-viscosity  resins 

Increase  in  molecular 
weight  between  crosslinks 
(EEW  250-300) 

Reactive  elastomers 

Hydrophobic  chain  extenders 
Non-ring-opening  reactions 
Hydration  inhibitors 

Stiff  advancement  agents 
Modifiers,  fortifiers,  and  coupling 
agents 


ether  of  bisphenol  A)  and  a 
diol  or  a  diacid  is  usually 
conducted  at  elevated  tempera¬ 
tures  (100-150°C  for  about  1-2 
hours)  using  tri phenyl  phos¬ 
phine  or  tertiary  amines  as 
catalysts,  according  to  known 
procedures  (see  Scheme  2).^ 

The  advanced  resin,  though  of 
higher  viscosity  than  the  base 
resin,  still  has  reasonably 
good  flow  properties  at  ambi¬ 
ent  conditions,  allowing  mix¬ 
ing  with  diluents  and  curative 
before  casting.  The  commer¬ 
cially  available  adhesives 
were  mixed  according  to  the 
manufacturer's  specifications. 

To  cast  adhesive  speci¬ 
mens  for  tensile  measurement. 
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we  poured  the  thoroughly  mixed 
adhesive  composition  onto  an 
aluminum  block  (12  in.  x  5  in. 
X  1  in.)  covered  with  a  sili¬ 
cone  release  sheet,  placed 
another  sheet  on  top,  and 
rolled  the  adhesive  pool  with 
a  rolling  pin  to  remove 
entrapped  air.  Another  alumi¬ 
num  block,  with  four  10-mil 
shims  glued  to  its  corners  was 
then  placed  on  top  of  the 
sheet,  the  entire  assembly  was 
clamped,  and  the  adhesive  was 
allowed  to  cure.  Curing  was 
allowed  to  proceed  for  2-7 
days  at  ambient  temperatures 
or  for  7  hours  at  slightly 
elevated  temperatures.  Thin 
strips  cut  from  the  cured  film 
with  an  Exacto  knife  (some¬ 
times  hot)  were  then  condi¬ 


tioned  and  tested  in  an  envi¬ 
ronmental  chamber  at  120°F  and 
80%  RH.  Unconditioned  strips 
were  also  tested  at  ambient 
laboratory  conditions. 

The  bulk  compact  ten¬ 
sion  specimens  were  cast  in 
aluminum  molds  treated  with 
mold  release  agents.  The 
dimensions  of  the  20%  side- 
grooved  specimen  are  shown  in 
Fig.  3.  A  razor  blade  was  used 
to  initiate  a  sharp  starting 
crack  prior  to  tests  of  the 
specimens  in  the  Instron  ten¬ 
sile  testing  machine  using  the 
standard  unload  compliance 
methodology.® 

The  cured  materials 
were  also  characterized  by 
thermal  and  mechanical 


Scheme  1:  Formulation  Procedure 

Chain  Advancement 

Resin  ,  Advancement  Catalyst  Advanced  Resin 

(EEW  ~  189)  Agent  - >  (EEW  250  -  300) 

Advancement  agents:  cyanates,  diols,  di acids 
Catalysts:  phosphines,  cobalt  naphthenate,  amines 

Curing  Reaction 


Advanced  Resin  .  Diluent  Curative  Cured  Adhesive 
(EEW  250  -  300)  - > 


Diluents:  functional  reagents,  modifiers,  coupling  agents, 

rubber  tougheners 

Curatives:  amines,  cobalt  naphthenate/MEK  peroxide 
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Table  2.  Forinulation  Data 


Formulation 

Additive 

Rubber^ 

Calculated  E.E.W. 

Curative*^ 

T  ^ 

soft 

(phr) 

(phr) 

(approx.) 

(phr) _ 

BPA-250 

5.7 

12 

250 

9.76 

56 

BPA-300 

6.8 

12 

300 

8.27 

56 

DZD-250 

7.6 

10 

250 

9.85 

55 

6F-DCA 

8.1 

10 

250 

9.96 

58 

I  Hycar  CTBN  1300  X  13. 

^  phr  tri ethyl enetetramine  (TETA)  of  advanced  resin. 
^  Peak  height  of  DSC  endotherm. 


analysis.  Thermal  analysis 
was  used  to  follow  the  soft¬ 
ening  and  curing  transitions 
in  the  adhesive.  Most  of  the 
epoxy-based  adhesive  systems 
studied  showed  a  characteris¬ 
tic  softening  point  at  50-60°C 
and  a  curing  exotherm  immedi¬ 
ately  after  (Fig.  1). 

Mechanical  analysis 
consisted  of  tests  on  speci¬ 
mens  mounted  in  a  tensile 
testing  device  enclosed  in  a 
controllable  environment.^ 
Tests  were  conducted  at 
ambient  conditions  and  after 
the  specimens  had  been  condi¬ 
tioned  for  48  hr  at  120° F  and 
80%  RH.  Since  these  tests 
were  to  be  used  primarily  for 
screening  and  for  guiding  the 
formulation  effort,  we  focused 
on  properties  such  as  ultimate 
tensile  strength  (UTS),  elon¬ 
gation  (as  an  estimate  of 


toughness),  modulus  for  dry 
specimens,  and  retained  ten¬ 
sile  strength  and  sustainable 
stress  for  conditioned  sam¬ 
ples. 

Fracture  toughness,  in 
terms  of  K,  G,  and  J,  and  a 
new  method  of  energy  separa¬ 
tion  (ENSEP)  were  evaluated 
using  the  standard  unload  com¬ 
pliance  test  method  with  an 
interactive  computer  program. 

A  qualitative  measure  of  re¬ 
sistance  to  crack  propagation 
was  obtained  by  correctly  par¬ 
titioning  the  area  under  the 
load  versus  load-line  dis¬ 
placement  record  into  its 
elastic  and  plastic  energy 
components. 
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5.  RESULTS  AND  DISCUSSION 
5.1  Formulation 

The  chain  advancement 
reaction  involving  the  epoxy 
resin,  the  diacid,  and/or  diol 
proceeds  readily  at  high  tem¬ 
peratures  (100-150°C)  with 
triphenylphosphine  as  cata¬ 
lysts.^  The  additive  (diacid 
and/or  diol)  is  slowly  stirred 
into  excess  resin  to  ensure 
uniform  incorporation  into  the 
network,  and  the  reaction  is 
complete  (1-2  hr)  when  infra¬ 
red  analysis  indicates  com¬ 
plete  disappearance  of  absorp¬ 
tion  due  to  the  additive. 
Further  details  can  be 
obtained  from  Ref.  7.  The 
formulation  information  is 
tabulated  in  Table  2. 

Advancing  the  basic 
diglycidyl  ether  of  bisphenol 
A  from  an  EEW  of  189  to  250- 
300  increases  the  molecular 
weight  of  the  chain  between 
the  epoxy  groups  and,  hence, 
between  crosslinks  in  the 
cured  resin.  The  result  is  a 
reduction  in  "tightness"  of 
the  network  and  consequently, 
its  degree  of  brittleness  and 
stiffness.  However,  since 
these  advancement  molecules 
were  intrinsically  stiff,  the 


offset  in  the  reduction  in 
stiffness  and  brittleness, 
which  often  translates  into 
increased  toughness,  was  not 
enough  to  produce  a  durable 
adhesive.  A  reactive  liquid 
elastomer,  Hycar  CTBN  1300  X 
13,  was  then  used  to  further 
toughen  the  adhesives.  Fur¬ 
ther  information  on  rubber- 
modified  epoxy  resins  and 
their  toughening  mechanisms, 
can  be  found  in  Refs.  3,4,7, 
and  9-11. 

5.2  Thermal  Analysis 

Differential  scanning 
calorimetry  (DSC)  was  used  to 
determine  the  degree  of  cure, 
softening  temperature, 
and  curing  exotherm  for  par¬ 
tially  cured  adhesives,  and 
the  glass  transition  tempera¬ 
ture,  Tg,  for  fully  cured 
systems.  Figure  4  shows  the 
characteristic  softening  of 
the  uncured  adhesive,  followed 
by  the  curing  exotherm,  as 
well  as  the  glass  transition 
temperature,  Tg,  of  the  adhe¬ 
sive  cured  (fully)  at  a 
slightly  elevated  temperature. 
The  softening  temperature, 
Tsoft*  0^  the  epoxy-based  ad¬ 
hesives  ranged  from  50°-60°C 
depending  on  curing  time,  and 
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Table  3.  Mechanical  Testing  Data  for  Adhesives 


Dry  (Ambient  Conditions)^  Conditioned  (120°F,  80%RH)*^ 

Specimen  UTS  Modulus  Elongation  UTS  Modulus  Elongation 

_ (psi)  (ksi)  i%)  (psi)  (ksi) _ _ 


Ml*^ 

7651 

395 

3.1 

5853 

238 

2.9 

M3^ 

6663 

343 

3.2 

2648 

180 

5.7 

ViC 

2166 

112 

10.6 

1846 

87 

12.6 

Dl^ 

11556 

685 

2.8 

8082 

512 

2.2 

10938 

1080 

4.0 

7708 

740 

2.2 

H2‘^ 

6752 

416 

4.3 

6061 

320 

3.3 

BPA-25o5 

10653 

519 

5.4 

9188 

515 

3.0 

BP A- 300° 

10868 

570 

3.2 

8810 

565 

2.7 

020-250° 

6F-DCA° 

12150 

599 

3.5 

8879 

465 

3.1 

12560 

655 

6.3 

9262 

500 

3.2 

a)  Average  of  5  tests. 

b)  Average  of  3  tests. 

c)  Commercial  composition. 

d)  In-house  formulation. 


tended  to  shift  to  higher  tem¬ 
peratures  with  time,  as  the 
adhesive  continued  to  cure. 

The  primary  questions  raised 
by  these  results  are:  what  is 
the  influence  of  this  phenom¬ 
enon  on  mechanical  properties, 
and  —  even  more  important  — 
is  it  more  desirable  to  have 
an  adhesive  with  a  low  T^q^^ 
or  a  high  T^q^^  after  1  to  2 
days  at  ambient  conditions? 

The  presence  of  a  soft¬ 
ening  temperature,  of  course, 
makes  it  difficult  to  evaluate 
the  effects  of  chemical  modi¬ 
fication  on  these  adhesives 


since  optimum  mechanical 
properties  are  not  rapidly 
achieved  with  ambient-  tem¬ 
perature  cure.  To  avoid  these 
problems,  we  cured  all  the 
tensile  test  specimens  at  70“C 
for  7  hr.  The  glass  transi¬ 
tion  temperature  of  the  cured 
system  is  taken  as  the  inter¬ 
section  of  the  lines  drawn 
adjacent  to  the  point  where 
the  baseline  begins  to  shift 
(see  Fig.  4).  The  Tg  of  the 
cured  adhesives  studied  ranged 
from  80“C  to  110“C. 
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5.3  Mechanical  Evaluation 

The  mechanical  test 
data  (see  Table  3)  suggest 
that  several  adhesive 
compositions  are  quite  durable 
and  retain  their  properties 
after  exposure  to  a  simulated 
adverse  environment.  The 
following  trends  in  the  data 
are  significant: 

1.  Adhesive  compositions  with 
high  elongations  generally 
have  low  values  for  modulus 
and  ultimate  tensile 
strength.  Exceptions  are 
the  BPA-250  and  6F-DCA 
systems,  which  have  modulus 
and  UTS  values  of  519  ksi 
and  10,653  psi,  and  655  ksi 
and  12,560  psi,  respective¬ 
ly,  for  corresponding  elon¬ 
gations  of  5.4  and  6.3%. 

2.  The  compositions  obtained 
using  intrinsically  stiff 
advancement  agents  have 
quite  high  modulus  values. 

3.  There  is  an  obvious  anoma¬ 
lous  effect  of  environmen¬ 
tal  exposure  on  elongation. 
Although  elongation  is 
expected  to  increase  after 


conditioning  in  the  humid¬ 
ity  chamber,  due  to  the 
plasticizing  effect  of 
moisture  on  the  network,  it 
actually  decreases.  The 
significance  of  this  result 
is  not  known  and  cannot  be 
attributed  to  further  cur¬ 
ing  of  the  adhesives  since 
they  were  fully  cured  (70“C 
for  7  hr)  before  being 
placed  in  the  120“F  (50“C) 
and  80%  RH  chamber. 

4.  The  high  elongation  of  the 
6F-DCA  system  is  consistent 
with  the  known  chemistry  of 
the  6F  group,  which  seems 
to  influence  chain  dila¬ 
tions  without  reducing  the 
stiffness  and  strength  of 
the  network. 

Based  on  these  bulk 
tensile  results,  we  concluded 
that  the  incorporation  of 
intrinsically  stiff  molecules 
into  epoxy  adhesive  formula¬ 
tions  generally  produces  dur¬ 
able  adhesives,  which  are  also 
slightly  susceptible  to  mois¬ 
ture  effects  and  somewhat 
brittle.  Our  formulations 
generally  performed  better  in 
these  tests  than  did  commer¬ 
cially  available  materials. 
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but  we  do  not  know  to  what 
degree  strength  and  modulus 
values  will  have  to  be  com¬ 
promised  to  reduce  the  brit¬ 
tleness  to  acceptable  levels. 

5.4  Fracture  Testing 

Since  the  unload  com¬ 
pliance  test  provides  a  load 
versus  load-line  displacement 
(LLD)  record  of  the  test  spec¬ 
imen,  the  area  under  the  plot 
represents  the  total  energy  a 
fracture  specimen  stores, 
releases,  or  dissipates  during 
an  increment  of  displacement 
between  consecutive  loadings. 
The  work,  W,  done  by  the  ex¬ 
ternal  load,  P,  can  be  related 
to  the  internal  energy,  U,  by 

dW  =  dUg  +  dUg  +  dUp  (1) 
where 

W  =  work  done  by  the  external 
load 

Ug  =  stored  elastic  strain 
(potential)  energy 
Ug  =  elastic  energy  released 
during  crack  extension 
Up  =  plastic  energy  dissipated 
during  crack  extension. 

Figure  5  shows  the  LLD 
record  of  the  adhesive  speci¬ 
men  M2A  with  the  energy  parti¬ 
tioned  between  adjacent 


unloadings.  As  is  noted  in 
the  figure: 

Area  OAA'O'  =  AUp 
Area  O'A'B  =  AUg 
Area  OAC  =  prior  to 
new  crack  extension  (U^^) 

Area  O'BD  =  after 
crack  extension 

The  total  energy  resisting  a 
crack  growth  increment,  aA,  is 
then  the  sum  of  the  dissipated 
plastic  energy  represented  by 
the  area  OAA'O'  and  the 
released  elastic  energy  O'A'B. 
Expressed  mathematically,  this 
relation  becomes: 


'ENSEP 


G  +  I 


da 


da 


(2) 


where 

Jensep  ^  total  rate  of 
energy  release  to 
the  specimen 

G  =  the  elastic  energy 

release  rate 

I  =  the  plastic  energy 

dissipation  rate 

Bp  =  the  net  specimen 

width  between  side 
grooves. 
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The  increment  of  crack 
extension  Aa  is  determined 
from  the  unload-load  compli¬ 
ance  slopes,  as  discussed  in 
Ref.  8.  The  cumulative  values 
of  Up,  Ug,  and  a  (crack 
extension)  are  the  simple 
summations: 


^  «n  ”Pi 


aU. 


(3) 


^  z  aU^ 

^  ^n  i=l  ®i 
n 

a  =  z  Aa  . 
i=l 

These  energies  and  the  instan¬ 
taneous  value  of  Ug/B^  are 
plotted  against  crack  exten¬ 
sion  in  Fig.  6.  The  slopes  of 
the  lines  for  Ug/B^  and  Up/B^ 
versus  crack  extension  at  any 
point  provide  the  elastic  and 
plastic  energy  release  rates, 

G  and  I,  respectively,  where 


G  = 


Bn  da 


and 


I  =  -I 
Bn  da 


(d) 


The  values  of  G  and  I 
versus  crack  extension  are 
plotted  in  Fig.  7,  which  also 
shows  the  average  value  of  I. 


The  scatter  in  the  test  re¬ 
sults  is  due  in  large  part  to 
our  use  of  test  apparatus 
designed  for  steel  specimens 
under  greater  loads.  Adjust¬ 
ments  to  accommodate  very  low- 
load  specimens  (i.e.,  50-lb 
maximum  load)  will  reduce  the 
scatter. 

Interestingly,  both  G 
and  I  decrease  with  crack  ex¬ 
tension,  reflecting  their 
dependence  on  specimen 
geometry  rather  than  materials 
properties.  If  specimen 
dimensions  are  kept  constant, 
however,  relative  values  can 
then  be  compared.  For  in¬ 
stance,  for  a  crack  extension 
of  0.03  in.  and  an  initial 
crack  length  of  0.509  in.,  G 
and  I  are  given  as 


■(0.03) 


=  5.5 


in- lb 


in 


'(0.03) 


=  9.2 


in- lb 


in 


It  should  be  reiterated  that 
values  of  G  and  I  are  the 
absolute  energy  rates,  i.e., 
represent  energy  flowing 
through  the  specimen  in 
general,  with  no  specific 
reference  to  the  crack  tip. 


The  values  of  G,  I,  J 
and  for  the  adhesives 
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tested  are  tabulated  in  Table 
4.  Note  that  the  G,  I,  and  J 
values  are  for  a  0.03-in. 
crack  extension. 

As  is  seen  from  Table 
4,  the  G  values  for  an  arbi¬ 
trarily  chosen  crack  extension 
(0.03  in.)  of  the  adhesives 
tested  vary  between  5  and  9 
in-lb/in^,  and  are  similar  to 
G  values  obtained  for  Plexi¬ 
glas®  (6.0  in-lb/in^)^^  and 
other  epoxy  adhesives  studied 
by  Ting  and  Cottington^  in 
similar  tests.  Since  these 
specimens  differ  widely  in 
toughness,  these  results  imply 
that  G  alone  does  not  fully 
characterize  fracture  tough¬ 
ness,  as  has  been  widely 
assumed.  The  absolute  plastic 
energy  dissipation  rate,  how¬ 
ever,  fully  characterizes  the 
ability  of  these  materials  to 
propagate  cracks. 

The  material  that  best 
resists  crack  growth  is  speci¬ 
men  VI,  while  the  worst  is 
specimen  01.  Interestingly, 
the  UTS  and  modulus  values  for 
specimens  VI  and  01  are,  re¬ 
spectively,  2166  psi  and  112 
ksi,  and  11556  psi  and  685 
ksi.  While  this  observation 
supports  the  conclusion  drawn 
from  bulk  mechanical  analysis 
(i.e.,  adhesives  with  high 


elongations  tend  to  be"weak"), 
it  is  possible  to  have  an 
adhesive  that  is  both  "strong" 
and  relatively  tough.  A  good 
example  is  specimen  HI,  which 
has  UTS  and  modulus  values  of 
10938  psi  and  1080  ksi, 
respectively,  and  also  has  an 
I  value  of  25  in-lb/in^.  The 
ideal  adhesive  for  the  in¬ 
tended  application  would  have 
high  values  of  G,  I,  J,  and 

P 

max* 

6.  CONCLUSION 

Durable  bulk-adhesive 
compositions  curing  at  temper¬ 
atures  below  70“C  have  been 
achieved  by  advancing  rela¬ 
tively  low-viscosity  epoxy 
resins  to  materials  of  epoxy¬ 
equivalent  weights  of  approxi¬ 
mately  300  with  intrinsically 
stiff,  hydrophobic  chain  ex¬ 
tenders  containing  azo  and 
fluoro  groups.  While  investi¬ 
gating  the  effects  of  chemical 
modifications  on  the  embrit¬ 
tlement  that  accompanies  in¬ 
creased  durability  in  these 
adhesives,  we  concluded  that 
the  elastic  energy  release 
rate,  G,  alone  does  not  ade¬ 
quately  characterize  their 
fracture  resistance.  By  using 
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Table  4.  Comparative  Data  for  the  Adhesives  from  LLP  Records 


Specimen 

Crosshead 
Displacement  Rate 
(in/min) 

(in-lb/in^) 

1*=  p 

(in-lb/in^) 

jC 

(in-lb/in^) 

Ml® 

0.02 

8.0 

9 

10.0 

27 

M2A® 

0.01 

5.5 

9 

6.6 

26 

M3® 

0.01 

6.0 

15 

9.0 

27 

VI® 

0.01 

7.0 

60 

16.2 

16 

HI® 

0.01 

7.0 

25 

15.0 

45 

H2® 

0.01 

4.5 

9 

6.0 

31 

Dl*^ 

0.005 

9.0 

0 

9.0 

35 

a)  Stable  fracture  (crack  arrest  was  possible). 

b)  Unstable  fracture. 

c)  At  0.03-in.  crack  extension. 


unload  compliance  analysis,  we 
were  able  to  evaluate  the 
elastic  and  plastic  energy 
components  in  terms  of  current 
elastic-plastic  parameters  and 
provide  a  useful  measure  of 
total  specimen  fracture  resis¬ 
tance. 
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TtOltfC)  ,  ,  ,  H«.t  Flo.  <W/g) 


Figure  1;  DSC  scans  of  ambient-temperature-cured 
adhesives. 


Figure  2:  TgQfj-  as  a  function  of  time  for  an 

ambient-temperature-curing  epoxy  adhesive. 
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Estthrication 
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(DZD) 


HO 


CH3 

CH3 


CF3 


biaphanol  A 

(•^A) 


”02°  “0“  *f 

CF3 

haxafiuorinatad  (Jicaftoxytic  add 
{•F-OCA) 


Scheme  2:  Epoxy  advancement  reaction. 


(dimension*  in  inches)  0.509 


Figure  3:  Dimensional  diagram  of  1/2-CT-plan  specimen. 
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Figure  4;  DSC  scans  of  ambient-temperature-cured  and 
elevated-temperature-cured  adhesives . 


Figure  5:  Partitioned  load  versus  load-line  displacement 
record  for  specimen  M2A. 
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Figure  6;  Cumulative  energy  released  Celastic)  and  dissipated 
(plastic)  and  the  instantaneous  energy  stored  versus 
crack  extension  for  specimen  M2A. 


Figure  7 :  Elastic  energy  release  rate  and  absolute  plastic 
energy  dissipation  rate  versus  crack  extension 
for  specimen  M2A. 
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SHELF  LIFE  WORK  ON  STRUCTURAL  ADHESIVE  BONDS  IN 
ORDNANCE  MATERIALS  AT  AB  BOFORS 

Christer  K.  Forsgren 
AB  Bofors,  Sweden.  Department  of 
Explosives  Technology 
S-691  80  Bofors,  Sweden 
Telephone  +46586  83461 


At  AB  Bofors  all  new  projects 
of  development  include  shelf 
life  work  on  the  complete 
system.  The  purpose  of  shelf 
life  work  is: 

-To  secure  the  fulfilment  of 
shelf  life  requirements  of  a 
product  when  developed 

-To  estimate  the  shelf  life  of 
a  product 

-To  give  ideas  for  maintenance 
routines 

Some  of  our  shelf  life 
specialists  are  experts  in 
polymers,  including  adhesives. 

A  coaxial  bond  between  an 
aluminium  ring  and  a  kevlar/ 
epoxy  tube,  used  as  the  missile 
body  in  Rbs  56,  Bill  will  be 
used  as  an  example.  See  fig  1. 


Figure  2 


Figure  1 
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During  the  environmental  testing 
of  the  Bill-antitank  system  there 
has  been  a  number  of  sub-units  and 
missiles  thermally  aged  and  tested 
for  function  (go  or  no  -  go).  The 
aim  of  shelf  life  work  is  to 
analyze  how  much  longer  and  in  what 
type  of  environment  the  reliability 
still  remains  high. 


1  SHELF  LIFE  ANALYSIS 

All  components  including  function 
and  requirements  are  listed,  a 
classification  of  the  need  for 
further  work  on  each  component 
has  been  carried  out. 

In  this  case  there  will  be 
discussions  about  the  selection 
of  materials,  joint  design,  surface 
treatment,  environmental  effects, 
producibility  and  non-destructive 
testing  with  the  designer  and 
manufacturer. 

The  preliminary  design  included  a 
chromated  aluminium  ring  cleaned 
with  a  solvent  in  an  ultrasonic 
bath.  An  epoxy  (AW  106/HV  953U) 
cured  at  70°C  for  2  h  was  used. 
Tests  were  conducted  using  ultra¬ 
sonic  non-destructive  equipment  to 
assure  good  gapfilling  of  the  bond. 


2  SHELF  LIFE  TESTS 

Test  1  Materials/components 

(Time:  The  beginning  of  the 

design  work  of  the  missile) 

Accelerated  test  at  60°C/60  %  RH 
and  volatile  components  from  rocket 
motor  and  gasgenerator  propellants, 
often  in  a  higher  concentration  than 
obtained  in  the  missile  under  real 
storage  conditions. 

Evaluation  by  visual  inspection, 
gravimetry  and  shore  hardness 
measurements.  Compatibility  tests 
using  microcalorimetry  will, 
depending  on  the  application,  be 
performed  on  at  least  one  adhesive. 

More  than  one  adhesive  is  normally 
tested  to  get  alternatives,  if  the 
chosen  adhesive  would  not  pass  the 
test . 
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The  different  adhesives  were 
simultaneously  tested  in  the 
production  plant.  The  high  curing 
temperature  of  the  one-component 
epoxy  eliminated  Permabond  ESPllO. 
The  thin  kevlar/epoxytube  could 
perhaps  change  some  dimensions 
during  high  temperature  curing, 
which  would  be  critical.  The 
viscosity  of  AW136/HY994  was  too 
low  during  curing  and  ran  out  of 
the  gap.  Filler  sedimentation  of 
Permabond  E31  eliminated  another 
alternative.  Araldit  AW144/HY994 

RESULTS 
Shear  strenght 


E  31 


ESP  110 


AW  106/HV  953U 


AW  144/HY  994 


AW  136/HY  994 

a  S.0  ze  3* 

N/mm2 

Fungus  test  has  a  suitable  viscosity  (Gap 

approximally  0.2  mm),  good 

A  Bonded  test  part  (see  fig  2)  was  temperature  characteristics  and 

together  with  other  Bill-materials  is  not  too  much  affected  by  this 

tested  according  to  MIL-STD  810D  type  of  aging, 

method  508.3  fungus.  The  Bonding- 

preparations  were  the  same  as  in  Short  parts  of  the  missile  body 

the  production  plant.  No  growth  of  were  then  bonded  to  aluminium  rings 

fungus  could  be  detected  (Grade  0).  and  tested  axially,  see  fig  2. 

Calculations  showed  that  at  500  g 
(acceleration  during  firing)  a 
maximum  force  of  15000  N  would  be 
obtained.  All  test  items  bonded 
with  Araldit  AW144/HY994  could 


.In  this  case  five  adhesives  were 
chosen.  From  CIBA-GEIGY:  Araldit 
AW136/HY994,  AW144/HY994  and 
AW106/HV953U.  From  Permabond: 

ESPllO  (one  comp,  epoxy)  and  E31. 
Test  items  consisted  of  solid 
aluminium  cylinders  with  0  40  mm 
for  shear  strength  testing.  A  gap 
of  0.14  mm  was  used.  The  two- 
component  epoxies  were  cured  for 
3  days  at  +60°C  and  the  one- 
component  for  1.5  h  at  +140°C. 
Evaluation  was  carried  out  at  60°C. 
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withstand  more  than  30000  N.  This 
Indicates  a  tensile  shear  strength 
of  3  N/mm^  at  60°C  in  this 
application.  One  of  the  limiting 
factors  is  the  strength  of  the 
epoxy  matrix  in  the  composite. 

Test  2  Sub-assembly 

(Time:  At  the  end  of  the  design 
period) 

Accelerated  test  in  a  humidity/ 
temperature  chamber  with 
temperatures  between  30-70°C  and 
relative  humidity  of  15-95  %  RH. 

Aging  simulating  3-5  years  of 
tropical  storage. 

Test-items;  Bonded  aluminium  ring 
and  epoxy/kevlar  tube.  Bonded  test- 
pieces  of  aluminium  for  falling 
weight  impact  testing  at  different 
temperature. 

Evaluation  test:  Acceleration  test 
(axial)  simulating  firing  of  the 
missile. 

Result:  No  displacement  between 
ring  and  tube. 

Test  3  System 

(Time:  During  qualification) 

Accelerated  test  in  humidity/ 
temperature  chamber  (see  test  2) 
simulating  15  years  of  tropical 
storage  followed  by  mechanical 
environmental  tests. 

Evaluation  test:  Acceleration  test 
(axial)  simulating  firing  of  the 
missile. 

Result:  The  first  test  will  be 
performed  in  November  1987. 

There  has  been  a  continuing 
discussion  concerning  the  quality 
of  adhesive  and  the  final  joint. 
Ultrasonic  non-destructive  testing 


has  been  used  occasionally  during 
the  development  of  the  missile 
body  to  verify  the  manufacturing 
method.  The  correlation  between 
ultrasonic  testing  and  strength 
has  not  been  too  good.  The  fact 
that  the  margin  of  safety  is  quite 
high  (more  than  three  times),  work 
is  now  concentrated  to  quality 
control  in  the  production.  Samples 
for  destructive  testing  are  taken 
from  the  production  line  at 
specified  time  intervalls. 

SUMMARY  CONCLUSIONS 

-Shelf  life  work  establishes  high 
reliability  and  safety  also  after 
long  term  storage  and  handling 

-The  realization  of  shelf  life  work 
has  made  designers  and  production 
personnel  aware  of  the  importance 
of  the  long-term  aspects  on 
selection  of  adhesives,  surface 
treatment  compabllity,  production 
parameters  and  test  procedures. 
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TERMINATION 


RESULTS 
Shear  strenght 
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OPTICAL  BONDING  TECHNOLOGY 


K.  Yeh,  R.D.  Hermansen,  S.R.  Felstein,  D.T.  Chow 
Electro-Optical  and  Data  Systems  Group 
Hughes  Aircraft  Company 
El  Segundo  •  California 


1 .  ABSTRACT 

Ready  access  to  reliable  engi¬ 
neering  properties  data  of  mater¬ 
ials  is  essential  to  effective 
material  selection  and  applica¬ 
tion.  Since  adhesives  are  often 
used  for  the  attachment  of  opti¬ 
cal  elements,  it  is  critical  that 
the  proper  adhesive  be  selected 
for  a  particular  design  to  ensure 
the  performance  reliability  of 
the  system.  In  this  study, 
various  bond  joint  configurations 
were  examined  and  the  material 
properties  of  some  commonly  used 
adhesives  in  optical  bonding 
applications  were  characterized 
and  reported. 

2.  INTRODUCTION 

Adhesives  are  used  extensively 
for  bonding  optical  elements 
which  are  used  to  provide  elec¬ 
tronic  boresight  in  an  electro- 
optical  system.  Adhesives  tend 
to  shrink  slightly  during  cure 
which  leads  to  distortion  of  the 
optical  elements.  Mismatch  in 
the  coefficient  of  thermal  expan¬ 
ion  between  the  adhesive,  optics, 
and  metal  mount  also  introduces 
stresses  when  the  operating  tem¬ 
perature  changes,  creating  more 
distortion.  In  order  to  preserve 
system  aiming  accuracy  over  the 
operating  temperature  range,  it 
is  critical  that  the  proper 
adhesive  be  selected  for  a 
particular  design.  Proper  adhe¬ 
sive  selection  also  assures  the 
performance  reliability  of  the 
system.  The  deficiencies  of  the 
adhesive  can  only  be  circiomvented 
by  design  alternatives  if  the 


material  properties  of  the 
adhesive  are  available.  The 
objective  of  this  study  is  to 
optimize  an  adhesive  bond  joint 
design  using  finite  element  anal¬ 
ysis  techniques  and  to  establish 
a  reliable  material  properties 
database  which  is  essential  to 
effective  adhesive  selection  and 
application. 

3.  ADHESIVE  CHARACTERIZATION 

Table  1  lists  the  adhesive  char¬ 
acterized  and  the  cure  schedule 
used  for  each  material.  The 
material  properties  generated 
and  corresponding  test  methods 
are  shown  in  Table  2.  The  shear 


TABLE  1.  ADHESIVES  CHARACTERIZED 


ADHESIVE 

GENERIC  TYPE 

CURE  SCHEDULE 

A12  (1:1) 

EPOXY 

24  HRSIRT  PLUS  2  HRSI1BD”F 

A12  (2:3) 

EPOXY 

24  HRSIRT  PLUS  2  HRS)160°F 

A-12  (1:2) 

EPOXY 

24  HRSIRT  PLUS  2  HRSnB0°F 

EC2216 

EPOXY 

16  HRSIRT  PLUS  16  HRSI160°F 

PR  1440B2 

POLYSULFIDE 

7  DAYSIRT 

URAIANE  5753LV 

POLYURETHANE 

7  DAYSIRT 

DC  93-500 

SILICONE 

7  DAYSIRT 

TABLE  2.  MATERIAL  PROPERTIES  AND 
CORRESPONDING  TEST  METHODS 


MATERIAL  PROPERTY 

TEST  METHOD 

SHEAR  STRENGTH 

ASTM  D1002 

SHEAR  MODULUS 

RHEOMETRICS 

TENSILE  PROPERTIS 

ASTM  D412 

LINEAR  CURE  SHRINKAGE 

ASTM  02566 

SPECIFIC  HEAT 

ASTM  D2766 

THERMAL  CONDUCTIVITY 

COLORA  THERMOCONDUCTOMETER 

GLASS  TRANSITION 
TEMPERATURE  (Tg) 

RHEOMETRICS 

COEFFICIENT  OF 

THERMOMECHANICAL  ANALYSIS 

THERMAL  EXPANSION 

(TMA) 
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strength  data  requires  definition 
of  substrate  surface  preparation. 
The  2024-T3  alclad  aluminum  was 
Ajax  scrubbed  followed  by  FPL 
acid  etch.  Bondline  thickness 
was  maintained  at  10  mils  for  all 
lap  shear  specimens.  The  shear 
modulus,  and  glass  transition 
temperature  (Tg)  were  measured 
using  an  RDS  (Rheometric  Dynamic 
Spectrometer)  7700  with  an  auto¬ 
matic  torsional  strain  adjust 
feature.  Testing  at  1  Hz  on  a 
2.5  by  0.5  by  0.125-in  specimen 
was  performed. 

The  thermal  conductivity  of  the 
adhesives  was  measured  at  93°C 
only  using  a  Colora  Thermocon- 
ductometer.  The  sample  thick¬ 
ness  was  controlled  at  0.125 
inch.  It  is  important  to  control 
the  sample  thickness  in  order  to 
obtain  a  comparable  value  for 
different  adhesives  because  this 
technique  is  sensitive  to  the 
thickness  of  the  material  being 
tested.  Thermomechanical  analy¬ 
sis  (TMA),  used  to  determine  the 
coefficient  of  thermal  expansion, 
was  performed  using  a  Dupont  990 
thermal  controller  in  conjunction 
with  a  Dupont  941  Thermomechani¬ 
cal  analyzer.  Testing  was  per¬ 
formed  on  a  0.25-in.  cube  speci¬ 
men  under  a  5  gm  load  and  a  heat¬ 
ing  rate  of  10°C  per  minute. 
All  other  testing  was  performed 
per  the  applicable  ASTM  method 
listed  in  Table  2. 

4.  FINITE  ELEMENT  ANALYSIS 

A  non-linear,  NASTRAN  finite  ele¬ 
ment  analysis  program  was  used  to 
model  the  glass  to  metal  bond. 
The  model  was  established  to 
determine  in  what  way  the  bond 
geometry  and  adhesive  properties 
could  be  changed  to  minimize  the 
cure  and  thermally  induced  strain 
in  the  optical  element.  Such 
parameters  as  bondline  thickness, 
adhesive  modulus,  cure  shrinkage. 


coefficient  of  thermal  expansion, 
and  temperature  were  varied  to 
determined  their  relative  contri¬ 
bution  to  the  overall  distortion 
of  the  optics.  Specific  material 
property  data  and  joint  dimen¬ 
sions  were  input  to  the  program. 
These  materials  include  BK-7 
borosilicate  glass,  416  stainless 
steel  mount,  and  EC2216  adhesive. 
EC2216  adhesive  was  selected  in 
the  study  because  its  glass  tran¬ 
sition  temperature  (91°F)  is 
right  in  the  middle  of  the  oper¬ 
ating  temperature  range  for  most 
electro-optical  systems  which 
make  the  problem  more  interest¬ 
ing.  Three  different  bond  joint 
configurations  were  modeled: 
(1)  a  circular  bond  spot  (Fig¬ 
ure  la),  (2)  an  annular  bond 
area  (Figure  lb),  and  (3)  a  post¬ 
bond  (Figure  Ic). 


SPOT  BOND 


1.25  IN.  DIA 


SIDE  VIEW 


THICKNESS 


a)  SPOT  BOND 


ANNULAR  BOND 


THICKNESS 


b)  ANNULAR  BOND 


c)  POST  BOND 

Figure  1 .  The  annular  spot  and  post  bond 
configurations  modeled  by  the 
Nastran  analysis. 
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In  all  cases,  the  model  trans¬ 
lates  the  stresses  caused  by 
volume  shrinkage  during  cure  to 
thermally  induced  stresses. 
Simply  by  lowering  the  reference 
(stress-free)  temperature  for 
room  and  elevated  temperature 
calculation  and  by  increasing  the 
reference  temperature  for  induced 
strain  prediction  below  room 
temperature.  Normally  the  EC2216 
adhesive  is  cured  at  room  temper¬ 
ature  for  16  hours  followed  by  a 
16  hours  post-cure  at  160®F. 
To  simplify  the  analysis,  the 
post-cure  effect  was  not  simu¬ 
lated.  Instead,  the  cure  shrink¬ 
age  was  assumed  to  occur  entirely 
at  room  temperature.  Any  cure 
induced  strain  during  post-cure 
was  ignored  by  the  model.  This 
is  not  an  unreasonable  assump¬ 
tion  since  the  majority  of 
shrinkage  occurs  at  the  initial 
cure  and  not  during  the  post¬ 
cure.  A  later  experiment  vali¬ 
dates  the  assumption  in  this 
case. 

The  analysis  also  did  not  model 
any  time-dependent  (viscoelastic) 
effects  because  of  the  lack  of 
data  on  the  adhesive  creep  char¬ 
acteristic  at  the  time  of  analy¬ 
sis. 

5.  BONDING  STUDY 

Mirrors  were  bonded  using  adhe¬ 
sives  with  different  character¬ 
istics  (i.e.,  glass  transition 
temperature  and  modulus ) .  Room 
temperature  distortion  measure¬ 
ments  (see  Table  3)  showed  that 
the  mirror  bonded  with  EA9323 
(Tg  =  220°F,  E  (160'’F)  = 
3.63.105  psi)  was  distorted 
completely.  The  mirror  surface 
changed  from  concave  to  convex 
shape  after  an  elevated  tempera¬ 
ture  (160®F)  post-cure.  This 
contradicted  the  assumption  made 
in  the  model  that  the  thermally 
induced  stresses  during  post- 


TABLE  3.  THE  R.T.  MIRROR 
DISTORTION  MEASUREMENT  FOR 
ANNULAR  BONDED  MIRROR  WITH 
DIFFERENT  ADHESIVES 


R.T.  MIRROR  DISTORTION 
(NO.  OF  FRINGES) 

ADHESIVE 

EA  9323 

EC  2216 

BEFORE  BONDING 

0.02 

0.084 

AFTER  INITIAL  R.T.  CURING 

0.105 

0.101 

AFTER  16  HRS  POST  CURE  AT  160°F 

CX* 

0.083 

*CX  -  THE  SHAPE  OF  MIRROR  CHANGEO  FROM  CONCAVE  TO  CONVEX 


cure  could  be  ignored.  The 
large  volume  change  at  the 
initial  stage  of  cure  had  less 
significant  effect  than  the 
thermal  stresses  created  during 
post-cure  when  the  adhesive  was 
much  harder.  However,  the 
assumption  is  still  valid  if  the 
adhesive  is  rubber-like  at  the 
post-cure  temperature  as  in  the 
case  of  the  second  mirror  which 
was  bonded  with  EC2216  (Tg  = 
91®F,  E  (160°F)  =  5.8. 103 
psi).  Elevated  temperature  post¬ 
cure  actually  relieved  some  of 
the  residual  stress  created  in 
the  initial  stage  of  curing. 

Three  more  BK-7  mirrors  were 
bonded  to  416  stainless  steel 
mount  with  different  bond  geome¬ 
tries  (spot,  annular  and  post) 
using  EC2216  adhesive.  The 
bondline  thickness  was  controlled 
at  10  mils  and  all  three  assem¬ 
blies  were  room  temperature 
cured  for  16  hours  followed  by  a 
16  hour  post-cure  at  160°F. 
The  interferometry  pattern  for 
each  assembly  was  then  taken  at 
-65°F,  0°F,  68°F  and 
160°F.  The  results  are  then 
compared  to  the  analysis. 

6 .  RESULTS 

The  material  properties  data  for 
some  commonly  used  adhesives  in 
the  optical  bonding  application 
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are  given  in  Table  4  through 
Table  9.  The  material  properties 
data  are  provided  in  this  report 
for  reference  and  should  not  be 
mistaken  as  design  allowable. 
Only  limited  samples  have  been 


TABLE  4.  LAP  SHEAR  STRENGTH  OF 
VARIOUS  ADHESIVES 


SINGLE  LAP  SHEAR  STRENGTH  (PSII*  | 

ADHESIVE 

-65°F 

irf 

leo^F 

A12  11:1) 

2500 

3500 

1300 

A'12  12:31 

2100 

3100 

850 

A-12  (1:21 

1600 

3120 

325 

EC2216 

2310 

3020 

,715 

PR1440B2 

2607 

359 

240 

URALANE  5753LV 

DC  B3'50a 

750 

250 

*THE  BOND  STRENGTH  VALUES  REPORTED  ARE  FOR  ALUMINUM 
SUBSTRATES  TESTED  IN  ACCORDANCE  WITH  ASTMD  1002 


TABLE  7.  TENSILE  PROPERTIES  OF 
SEVERAL  ADHESIVES  AT  DIFFERENT 
TEMPERATURES 


ADHESIVE 

TEST 
TEMP  (“F) 

TENSILE  STRENGTH 
(PST) 

TENSILE  MODULUS 
(PST) 

-65 

7.2-103 

5.4-105 

A42  (1:1) 

77 

5.9103 

3.9-105 

180 

3.41o2 

3.5-103 

-65 

5.8103 

5.3-105 

A-12  (2:3) 

77 

2.5103 

1.6-105 

180 

1.5102 

1.7-103 

-65 

5.0103 

4.8-105 

A 12  (1:2) 

77 

1.3103 

5.4-10^ 

180 

- 

- 

-65 

6.5-103 

8.9-105 

EC2216 

77 

2.7-103 

2.7-105 

180 

5.2-102 

1.4-103 

-65 

2.2-1o3 

7.7-1o5 

PR1440B2 

77 

3.6102 

5102 

180 

3.4102 

4-1 03 

TABLE  5.  THERMAL  PROPERTIES  OF 
DIFFERENT  ADHESIVES 


ADHESIVE 

GTE  BELOW  Tg 
(IN1IN/°F) 

Tg  (■‘FI 

CTE  ABOVE  Tg 
IINIINrFI 

THERMAL 
CONDUCTIVITY 
(BTU/FT  HR°F) 

412  (1:11 

42-1  r® 

158 

179-10-5 

0.21 

A-12  (2:3) 

461  r® 

120 

138.10-5 

0.20 

A-12  (1:2) 

4410-5 

95 

114-10-5 

0.20 

EC2216 

37-10-5 

91 

65.ir5 

0.20 

PR1440B2 

3310-5 

-42 

11Mr5 

0.15 

URALANE  5753LV 

41-10-5 

-85 

114-ir5 

0.14 

DC  93-500 

44-1  r5 

-175 

i5e-ir5 

0.10 

TABLE  8.  SPECIFIC  HEAT  OF  VARIOUS 
ADHESIVES  AT  DIFFERENT 
TEMPERATURES 


^\rEMP  (*F) 
ADHESIVE^\ 

SPECIFIC  HEAT  (BTUILB  “FI  | 

-117 

-81 

-45 

-9 

77 

117 

153 

189 

A-12  (1:1) 

0.21 

0.24 

0.27 

0.29 

0.32 

0.35 

0.38 

0.40 

A12  (2:3) 

0.18 

0.20 

0.22 

0.25 

- 

0.38 

0.41 

0.43 

A  12  (1:2) 

0.27 

0.29 

0.31 

0.34 

- 

0.50 

0.53 

0.55 

EC2216 

0.66 

0.69 

0.73 

0.78 

0.90 

0.94 

0.96 

0.98 

Pin440B2 

0.10 

0.12 

0.20 

0.21 

0.25 

0.26 

0.27 

0.28 

URALANE  5753LV 

0.19 

- 

0.32 

0.35 

0.41 

0.43 

0.45 

0.46 

DC  93  500 

0.16 

0.17 

0.19 

0.20 

0.22 

0.23 

0.24 

0.25 

TABLE  6.  SHEAR  MODULUS  OF 
DIFFERENT  ADHESIVE  AS  FUNCTION  °F 
TEMPERATURES 


^Vs^EMP  (°F) 

adhesive\^ 

SHEAR  MODULUS  (x 

10®  PSII 

-80 

-65 

-40 

0 

40 

75 

110 

150  180 

A-12  (1:1) 

2.9 

2.8 

2.7 

2.4 

2.2 

1.9 

1.5 

0.36  0.23 

A-12  (2:3) 

- 

2.5 

2.3 

2.1 

1.9 

1.7 

0.96 

O.qiS  0.0075 

A-12  (1:21 

- 

2.6 

2.3 

2.0 

1:7 

1.1 

0.023 

0.0045  0.0036 

EC2216 

- 

3.3 

3.1 

2.7 

1.8 

0.21 

0.026 

0.016  0.015 

PR1440B2 

1.6 

0.76 

0.019  0.0037  0.0022  0.0016  0.0012  0.0011  - 

URALANE  5753LV 

1.1 

0.21 

0.067 

0.032 

0.021 

0.015 

0.011 

0.0078  - 

DC  93-500 

0.02  0.015  0.012  0.0076  0.0063  0.0056  0.0051 

0.0049  0.0047 

TABLE  9.  LINEAR  CURE  SHRINKAGE  OF 
DIFFERENT  ADHESIVES 


ADHESIVE 

LINEAR  CURE  SHRINKAGE  (%) 

A-12  (1:1) 

0.33 

A-12  (2:31 

0.18 

A-12  (1:2) 

0.22 

EC2216 

0.21 

PR1440B2 

0.15 

URALANE  5753LV 

0.24 

DC  93-500 

TABLE  10.  MIRROR  DISTORTION 
PREDICTED  BY  NASTRAN  NONLINEAR 
ANALYSIS.  FOR  "SPOT”,  "ANNULAR" 
AND  "POST"  BOND  GEOMETRIES  AS 
COMPARED  TO  THE  EXPERIMENTAL 
RESULTS.  THE  ADHESIVE  BONDLINE 
THICKNESS  IS  CONTROLLED  AT 
10  MILS 


TYPICAL 

ELASTIC 

MIRROR  DISTORTION  (NO.  OF  FRINGES) 

SPOT 

ANNULAR 

POST  1 

TEMP  (°F) 

MODULUS 

|PSI| 

PREDIC¬ 

TION 

EXPERI¬ 

MENT 

PREDIC¬ 

TION 

EXPERI¬ 

MENT 

PREDIC¬ 

TION 

EXPERI¬ 

MENT 

-65 

8.5105 

16.3 

10+ 

15.8 

10+ 

12.6 

10+ 

0 

4.M05 

5.8 

5-10 

5.4 

5-10 

10 

5-10 

68 

1.8- 

8.8-10^ 

0.096- 

0.463 

0.275 

0.060- 

0.298 

0.254 

0.823 

0.534 

160 

3.7-1o3 

0.19 

12 

0.12 

12 

1.98 

7-8 

tested.  The  shear  strength 
values  provided  are  only  the 
adhesion  strength  to  the  alumi¬ 
num  substrate,  the  actual  adhe¬ 
sion  to  other  adherends  may 
vary.  Some  physical  properties 
of  the  adhesives  depend  greatly 
on  the  type  of  test  specimen  and 
test  method  used.  The  shear 
moduli  calculated  from  the 
measured  tensile  moduli  and 
poisson's  ratio  are  not  in  total 
agreement  with  the  shear  moduli 
measured  in  torsional  mode.  The 
thermal  conductivity  of  the 
material  also  varies  as  the 
sample  thickness  changes. 

The  amount  of  distortion  pre¬ 
dicted  (nximber  of  fringes)  in 
the  optical  element  by  the 
analysis  in  given  in  Table  10. 
The  data  presented  is  based  on 
68°F  as  being  the  stress  free 
temperature.  The  distortion  pre¬ 
dicted  at  68®F  is  caused  by 
the  curing  shrinkage  only.  The 
values  at  other  temperatures  were 
obtained  by  adding  the  distor¬ 
tion  at  reference  temperature 
with  those  predicted  due  to  tem¬ 
perature  change.  It  is  observed 
that  the  number  of  fringes 
increases  significantly  with 
decreasing  temperature.  This  is 
due  primarily  to  the  increase  in 


modulus  and  not  the  mismatch  in 
the  thermal  expansion  coeffi¬ 
cient.  Since  both  the  adhesive 
modulus  and  coefficient  of 
thermal  expansion  affect  the 
amount  of  distortion  predicted  by 
the  analysis,  these  parameters 
were  specifically  investigated  to 
determine  the  relative  contribu¬ 
tion  of  each.  By  decreasing  the 
modulus  by  a  factor  of  two  an 
average  of  34X  reduction  in  the 
number  of  fringes  is  seen.  This 
compares  to  an  8%  change  in 
distortion  when  the  coefficient 
of  expansion  is  lowered  by  a 
factor  of  two.  Furthermore,  the 
modulus  of  an  adhesive  is  much 
more  sensitive  to  temperature 
change  than  its  thermal  expansion 
characteristic.  The  modulus  may 
vary  by  several  orders  of  magni¬ 
tude  going  through  the  glass 
transition  region  whereas  the 
thermal  expansion  coefficient  is 
significantly  less  sensitive  to 
temperature  variations. 

In  addition,  a  thicker  bondline 
seemed  to  have  a  negative  influ¬ 
ence  on  the  predicted  distortion. 
This  is  true  at  room  temperature 
and  below,  but  not  so  at  the 
higher  temperature.  This  result 
is  not  unusual  since  the  net 
volume  change  due  to  cure  will  be 
greater  as  the  volume  of  the 
adhesive  increases.  Thus,  as  the 
temperature  is  lowered,  more 
shrinkage  is  expected  with  a 
thicker  bondline  and  distortion 
is  greater.  When  the  temperature 
is  raised,  however,  the  increased 
volume  expansion  of  the  adhesive 
combined  with  the  cure  shrinkage 
results  in  lower  distortion. 

In  all  cases,  the  analysis  shows 
that  the  annular  bond  yields 
lower  distortion  for  the  mirror 
than  the  spot  bond.  Thus,  any 
decrease  in  the  lateral  bond 
area  seems  to  have  benefit  on 
the  overall  distortion. 
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One  technique  which  may  further 
reduce  the  distortion  is  to  use 
a  series  of  smaller  bond  spots 
in  an  annular  distribution.  For 
the  post-bond  geometry,  predicted 
distortion  at  or  above  room 
temperature  is  greater  than 
either  of  the  other  two  geome¬ 
tries.  The  axial  contraction  of 
the  adhesive  due  to  cure  induces 
bending  moments  on  the  mirror 
which  are  "in  the  plane"  of  the 
mirror.  Whereas,  bending 
moments  induced  by  the  spot  or 
annular  geometry  are  perpendic¬ 
ular  to  the  plane  of  the  mirror. 
Therefore,  the  post-bond  is  more 
sensitive  to  cure  shrinkage. 
When  the  temperature  is  lowered, 
both  the  adhesive  and  the  metal 
mount  contract  which  creates 
more  distortion  in  the  mirror. 
For  the  spot  or  annular  geome¬ 
try,  both  contractions  contribute 
to  the  distortion  of  the  mirror. 
For  the  post-geometry,  this  is 
not  the  case.  Further  axial 
contraction  due  to  a  lowering  of 
temperature  is  offset  by  the 
radial  contraction  of  the  metal 
mount.  Thus,  while  the  mirror 
is  more  sensitive  to  axial  adhe¬ 
sive  contraction  this  effect  is 
reduced  by  the  contraction  of 
the  metal  mount. 

Although  the  NASTRAN  model  pre¬ 
dictions  for  all  three  bond 
geometries  with  EC2216  adhesive 
are  in  agreement  with  the  experi¬ 
mental  results,  for  temperatures 
below  the  glass  transition  tem¬ 
perature  (91®F),  the  model 
fails  to  predict  the  mirror 
distortion  accurately  at 
160®F.  This  is  probably  due 
to  the  inaccurate  material 
properties  data  input  at 
160®F.  The  behavior  of  the 
adhesive  in  thin-layer  form  may 
be  different  than  that  in  the 
bulk  form.  The  tensile  prop¬ 
erties  (stress-strain  curve)  of 
the  EC2216  adhesive  used  in  this 
analysis  were  generated  in  bulk 


form  with  dog-bone  specimens. 
While  the  adhesive  remains  rigid 
below  its  glass  transition 
temperature,  the  difference  in 
thin-layer  form  may  not  be  sig¬ 
nificant.  However,  the  adhesive 
may  not  behave  as  an  elastomer 
in  thin-layer  form  above  its 
glass  transition  temperature  as 
expected. 

7.  CONCLUSION 

The  finite  element  analysis 
appears  to  predict,  with  reason¬ 
able  accuracy,  the  behavior  of  a 
glass  mirror  bonded  to  a  metallic 
mount.  It  should  be  noted  that 
these  results  are  predicted  by  a 
static  analysis  and  any  changes 
in  residual  stress  through  relax¬ 
ation  or  creep  with  time  will 
change  the  predicted  distortion. 

The  analysis  is  only  accurate  if 
the  material  properties  data  of 
the  adhesives  are  reliable. 
Since  the  behavior  of  the  adhe¬ 
sive  in  thin-layer  form  appears 
different  to  that  in  bulk  form; 
and  the  accuracy  of  the  mechan¬ 
ical  properties  of  the  adhesive 
also  depends  on  the  type  of 
specimen  and  test  method  used, 
it  is  suggested  that  specimens 
for  determining  mechanical  pro¬ 
perties  should  be  of  thin-layer 
configuration.  Furthermore,  the 
specimen  joint  configuration  and 
specimen  substrate  should  be  as 
close  to  those  used  in  the  real 
application  as  possible. 


470 
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Introduction 

Fisher  et  al (1)  and  Hu, 
Fornes  and  Gilbert  (2)  showed 
that  the  equilibrium  moisture 
absorption  of  the  epoxy  system 
tetraglycidyl  4,4' -diamino- 
diphenylmethane  (TGDDM)  cured 
with  4,4'-diaminodiphenyl- 
sulfoxide  (DDS)  is  lowered  as 
much  as  75  percent  if  the 
residual  functional  groups 
(e.g.  -OH,  -NH2,  -CH  -  CH2) 
are  blocked  by  silylation, 
cyanoethylation  or  carbanila- 
tion.  The  optimum  results 
were  obtained  if  the  blocking 
reagents  contained  fluorine. 

Here  we  report  the 
sorption  and  transport 
behaviour  of  several  reactants 
using  thin  films  of  the  epoxy 
and  the  effect  of  blocking  the 
epoxy  functional  groups  on  the 
sorption  and  transport 
properties  of  water  in  the 
epoxy  at  30°  and  70°. 

Some  preliminary  data  on 
masked  isocyanates  incorporat¬ 
ed  into  the  epoxy  resin  prior 
to  cure  are  also  reported. 

Experimental 

MY720  composed  primary  of 
TGDDM  and  DDS  were  kindly 
supplied  by  Ciba-Geigy. 
Acetonilrile,  dimethyl 
sulfoxide  (DMSO)  were  Fisher 
reagent  grade  and  were  dried 


over  CaH2  and  molecular 
sieves,  respectively. 

Trimethyl  si lyl i socyanate 
(TMSI)  (85%),<x,c<,c^ 
-trifluoro-m-tolyl  isocyanate 
(MTPI),o(,oL.o(j  -trifluoro-o-t- 
olyl  isocyanate  (OTPI)  (97%) 
and  benzyl  trimethyl  ammonium 
hydroxide  (Triton  B),  40%  in 
CH3OH,  were  obtained  from 
Aldrich  and  were  used  without 
further  purification. 
Acrylonitrile  (ACN)  from 
Polyscience,  was  used  as 
received. 

Thin  films  of  cured  epoxy 
resin  were  prepared  using  a 
73/27  w  %  ratio  of  MY720  and 
DDS.  The  two  components  were 
agitated  at  110°  for  4-6  min. 
to  obtain  a  uniform  mixture 
which  was  deareated  for  30-40 
min.  in  a  heated  vacuum 
desiccator,  allowed  to  cool 
under  reduced  pressure 
for  10-15  hour  and  then  stored 
at  5°  until  further  use.  This 
prepolymer  was  finely  ground 
and  placed  between  two  smooth 
teflon  sheets  and  heated  to 
70°.  The  telfon  sheets  were 
backed  with  aluminum  plates, 
the  assembly  clamped,  placed 
in  an  oven  preheated  to  150°, 
the  oven  flushed  with  N2  and 
evacuated.  The  epoxy  samples 
were  cured  at  150°  fpr  1  h 
and  at  177°  for  5  h.  Then  the 
samples  were  placed  in  glass 
vials  and  stored  in  a  desic¬ 
cator  at  ambient  temperature. 
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The  sorption  of  distilled 
water  by  the  epoxy  films  was 
determined  at  30°,  45°,  55° 
and  70°  using  two  sets  of 
films  (for  each  temperature) 
prepared  at  different  times 
and  each  set  consisting  of  at 
least  5  samples.  The  two 
sets  had  different  film 
thicknesses.  Film  thick¬ 
nesses  were  measured  and 
grouped  so  that  the  thick¬ 
nesses  matched  as  closely  as 
possible.  Each  set  was 
immersed  in  water  for  5  days 
at  the  particular  temperature 
to  remove  water-soluble 
species.  The  films  were  dried 
at  100°  under  vacuum  for  5 
days,  weighed,  placed  in 
sealed  vials  containing  water 
(lOML)  and  heated  to  the 
desired  temperature.  The 
films  were  removed  at  various 
time  intervals,  padded  dry  and 
weighed  to  the  nearest 
microgram  until  the  weights 
remained  constant  for  three 
successive  weighings.  The 
weight  obtained  one  week  later 
was  used  as  the  infinite 
absorption  weight  (Woo).  The 
films  were  then  heated  at  100° 
under  vacuum  for  5  days  and 
then  reweighed  (Wo). 

Other  sets  of  films  were 
extracted  with  water  to  remove 
oligomeric  species.  Clean, 
dry  vials  were  cooled  to  0° 
and  Triton  B(0.25ML)  and 
acrylonitrile  (9.5  ML)  added. 
The  mixture  was  agitated 
during  the  addition  and 
cooling  was  continued  for  5 
min.  after  the  addition  of  ACN 
was  completed.  The  vials  were 
sealed  and  heated  to  either 
30°  or  70°  and  a  dry,  preheat¬ 
ed  epoxy  film  added  to  each 
vial.  Periodically,  the 
films  were  removed,  wiped  and 


weighed.  This  was  repeated 
until  equilibrium  was  reached 
or  the  ACN  polymerized.  Each 
film  was  rinsed  in  CH3CN  to 
remove  unreacted  ACN,  heated 
to  100°  under  vacuum  for  5 
days  to  remove  any  CH^CN,  and 
then  immersed  in  distilled  H2O 
and  the  equilibrium  moisture 
determined  as  described  above. 

Similarly,  sets  of  films 
were  reacted  with  TMSI,  OTPI 
and  MTPI  but  the  films  were 
first  extracted  with  dimethyl 
sulfoxide  (DMSO)  to  remove 
low  molecular  weight  species 
and  then  preswollen  with  DMSO 
to  permit  better  penetration 
of  the  reactants.  The 
equilibrium  moisture  absorp¬ 
tion  was  determined  after  the 
reaction  was  terminated  and 
DMSO  and  excess  reactant 
removed  with  CH3CN. 

Masked  isocyanates  were 
prepared  by  reacting  an 
isocyanate  and  a  masking 
reagent  in  stoichiometric 
amounts.  Proof  of  structure 
was  by  elemental  analyses  and 
NMR  spectroscopy.  Their 
unblocking  temperatures 
were  determined  by  the 
procedure  of  Griffin  and 
Willworth  (8).  A  desired 
amount  of  the  masked  iso¬ 
cyanate  was  added  to  the 
mixture  of  MY  720  and  DDS 
prior  to  the  curing  step  and 
the  mixture  cured  as  above. 

Results  and  Discussion 

Unmodified  Resin 

The  equilibrium  sorption 
values  for  water  in  the  epoxy 
resin  at  four  temperatures  are 
given  in  Table  I.  The  samples 
were  immersed  in  distilled 
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water  a  minimum  of  500  h  to 
achieve  approximate  equilibri¬ 
um.  Figures  1-4  are  plots  of 
relative  weight  gain,  M+-/Moo, 
vs  t^'Vl  (1  =  film  thickness) 


at  the  different  temperatures. 
At  each  temperature  the  epoxy 
exhibits  Case  I  or  Fickian 
behavior.  For  water  sorption, 
that  is,  the  rate  of  diffusion 
is  much  slower  than  the  rate 
of  relaxation.  The  overlap  of 
the  curves  for  different  film 
thicknesses  at  each  tempera¬ 
ture  confirms  Case  I  behavior. 
Diffusion  coefficients  (D) 
calculated  (3.4)  using 
equation  (1)  and  Figures  1-4 
are  in  Table  II 

.  - (j) 

where  t  is  the  time  when 
M^/Mqq  =  0.5,  D  increases 
with  increasing  temperature 
from  30®  to  45°  and  decreases 
at  70°.  Generally,  the 
diffusion  coefficient  of  a 
penetrant  in  a  system  in¬ 
creases  monotonical ly  with 
temperature  unless  chemical 
changes  are  occurring. 

Netravel i  et  al  (5)  report 


that  absorbed  water  reacts 
with  residual  oxirane  groups 
in  the  epoxy  at  70°c  resulting 
in  an  increased  concentration 
of  hydroxy  groups  while  very 
little  reaction  occurs  at  R.T. 
This  would,  in  turn,  lead  to 
increased  hydrogen  bonding 
with  water  in  the  resin, 
thereby  lowering  D  since  a 
significant  reaction  occurs  at 
higher  temperatures,  i.e. ,  D  = 
Dji^  (diffusion  accompanied  by 
reaction).  In  the  simplest 
case  where  the  reaction  is 
essentially  instantaneous 
compared  with  diffusion  = 
D/(l+R)  resulting  in  a  lower 
value  of  the  measured  diffu- 
sivity.  R  is  the  ratio  of  the 


concentrations  of  reacting 
and  diffusing  penetrants  and 
is  usually  70.  These  data 
also  suggest  that  the  reaction 
of  H2O  with  oxirane  groups  is 
insignificant  at  55°. 

Modification  of  the  Epoxy 
Films 


The  diffusion  accompanied 
by  reaction  of  acrylonitrile 
was  monitored  gravitrical ly  at 
30q  and  70°C.  It  is  known 
that  the  quarternary  base, 
Triton  B  causes  some  polymeri¬ 
zation  of  acrylonitrile 
(1)  and  consequently  equilib¬ 
rium  could  not  be  reached. 
Typical  plots  are  presented  in 
Figure  5  for  the  2.5  mil . 
samples  at  30°  and  70°.  At 
the  lower  temperature  the 
increase  in  weight  essentially 
levels  off.  At  70°,  however, 
when  more  homopolymerization 
is  taking  place,  the  weight 
continues  to  increase.  An 
arbitrary  time  of  169  hours 
was  taken  as  the  equilibrium 
value.  The  two  curves  are 
somewhat  different  in  shape. 
Since  relaxations,  diffusion 
with  reaction  and 
homopolymerization  are  all 
occurring,  it  is  not  possible 
to  analyse  such  complex  curves 
in  any  detail.  Assuming  that 
all  the  ACN  has  resulted  in 
cyanoethylation,  a  maximum  of 
34  and  39%  (Table  III)  of  the 
residual  functional  group  (OH, 
NH,  NH2,  C  -  C)  have  reacted 
at  30°  and  70°  respectively 
(assuming  no  poly  acryloni¬ 
trile  formed  insitu) . 

Percent  equilibrium 
weight  gains  for  TMSI,  OTPI 
and  MTPI  are  also  in  Table 
III.  The  epoxy  films  were 
taken  to  equilibrium  with  DMSO 
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prior  to  addition  of  the 
reactants.  MTPT  reacted  to  a 
greater  extent  than  the  other 
isocyanates,  presumably  due  to 
differences  in  mobility 
and  steric  interference.  At 
30°  MTPI  reacts  to  about  the 
same  extent  as  ACN  but  the 
reaction  with  ACN  at  70°  is 
significantly  greater. 

Details  of  sorption  behavior 
of  the  isocyanates  and 
acetonitorle  in  DMSO  will  be 
discussed  in  a  separate  paper 
(2). 

Plots  of  M^/Moq  vs  t^/2/1 
show  the  sorption  ^  the 
isocyanates  essentially  follow 
Case  I  or  Fickian  behaviour 
except  at  70°  TMSI  shows 
Pseudo-Fickian  behavior. 
Diffusion  coefficients  were 
calculated  using  the  instanta¬ 
neous  reaction  procedure  or 
equations  (1)  and  (2) 


where  C  is  the  concentration 
of  the  penetrate,  at  a 
distance  x  from  the  surface. 
The  values  are  given  in  Table 
IV.  The  Djr  values  are  in 
the  order  MTPI  >  TMSI  >  OTPI 
at  30°  and  MTPI  >  OTPI  >  TMSI 
at  70°  and  are  higher  for  each 
reactant  at  70°  .  The 
differences  at  the  two 
temperatures  is  presumably  due 
to  the  temperature  coeffi¬ 
cients  for  diffusion  of  the 
reactants. 

Equilibrium  weight  gains 
after  immersion  in  distilled 
water  for  the  epoxy  resin 
before  and  after  reaction  with 
the  various  blocking  reagents 
are  in  Tables  V  and  VI.  As 
low  molecular  weight  species 
had  been  pre-extracted  from 


the  films,  it  was  assumed  no 
loss  occurred  during  the  water 
absorption  tests.  Reductions 
in  equilibrium  moisture 
absorption  of  63  and  68%  at 
30°  and  70°,  respectively, 
were  obtained  by  cynoethyl- 
ation  and  62  and  54%  after 
carbanilation  with  MTPI  (Table 
V).  The  equilibrium  moisture 
absorptions  show  a  decrease 
with  an  increase  in  the  number 
of  blocked  functional  groups 
(Figure  6)  at  both  30°  and 
70°.  The  reductions  in 
equilibrium  moisture  values  at 
70°  are  lower  than  those  at 
30°  at  equivalent  degrees  of 
reaction,  when  an  isocyanate 
is  the  blocking  reagent. 
Presumably  at  the  higher 
temperature  there  is  a  larger 
unoccupied  volume  in  the  resin 
which  is  not  fully  compensated 
for  by  blocking  the  unreacted 
functional  groups.  Johncock 
and  Tudgey  (6)  showed  that 
halogen  substituents  on  the 
phenyl  ring  of  an  epoxide 
decreases  the  equilibrium 
moisture  uptake.  The  present 
results  indicate  there  is  a 
correspondence  between  the 
reduction  of  moisture  absorp¬ 
tion  and  the  number  of  blocked 
functional  groups  regardless 
of  the  nature  of  the  blocking 
group  (Figure  6).  This  is 
somewhat  surprising  and 
contrary  to  the  data  of  Hu  et 
al  (2)  which  indicate  perfluo- 
rinated  blocking  groups 
provide  the  largest  decrease 
in  moisture  absorption. 

However,  a  swelling  agent  for 
the  epoxy  resin  was  used  in 
the  case  of  the  reactions  with 
the  isocyanates  which  may  have 
resulted  in  an  increase  in 
unoccupied  volume  compared  to 
the  case  for  the  reactions 
with  ACN. 
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In  Tables  V  and  VI  the 
equilibrium  moisture  absorp¬ 
tion  values  are  compared  based 
on  the  reacted  and  unreacted 
dry  weights.  The  latter 
values  reflect  the  effect  of 
the  blocking  reagent  molecular 
weight  and  show  the  importance 
of  employing  blocking  reagents 
of  low  molecular  weight. 

M^/Moe  t^/2/1  plots 
for  moisture  uptake  at  both 
30°  and  70°  indicated  moisture 
diffusion  exhibits  Case  I  or 
Fickian  diffusion  for  the 
films  after  blocking  with  the 
various  reactants.  A  typical 
plot  is  in  Figure  7.  Diffu¬ 
sion  coefficients  calculated 
employing  equation  (1)  are  in 
Tables  VII  and  VIII.  At  30° 
(Table  VII),  the  diffusion 
coefficients  are  significantly 
higher  for  the  resins  after 
reaction  with  the  blocking 
reagents.  Johncock  and  Tudgey 
(3)  noted  an  increase  in 
diffusion  coefficient  for  an 
aniline-based  epoxy  having  a 
-OCHp  (CF2)5H  group 
attached  to  the  phenyl  ring, 
which  may  indicate  bulky 
substitutents  alter  the 
unoccupied  volume  of  the 
resin.  In  addition,  blocking 
of  hydroxyl  and  amine  groups 
reduces  the  possibility 
for  hydrogen  bonding  which 
hinders  water  penetration. 

At  70°  the  diffusion 
coefficient  is  unchanged 
compared  to  the  value  at  30° 
for  the  films  reacted  with 
ACN.  However,  the  diffusion 
coefficients  for  the  films 
reacted  with  the  isocyanate 
blocking  reagents  are  signifi¬ 
cantly  reduced  compared  to  the 
epoxy  resin.  This  may  be  of 
significance  regarding  the 


effect  of  hygrothermal  history 
on  water  absorption. 

Masked  Isocyanates 

The  melting  points  and 
unblocking  temperatures  of 
several  masked  isocyanated  are 
shown  in  Table  IX  and  their 
elemental  analyses  are  in 
Table  X.  Their  structure  were 
confirmed  by  both  and  ^®F 
-  NMR  spectroscopy.  These 
data  will  be  reported  else¬ 
where. 

Reductions  in  the 
equilibrium  moisture  absorp¬ 
tions  of  cured  films  contain¬ 
ing  several  of  the  masked 
isocyanates  are  in  Table  XI. 

As  shown,  reductions  as  high 
as  67  per  cent  were  obtained  . 

Dynamic  mechanical 
analysis  data  for  a  control 
and  an  epoxy  containing  Ph. 
HUMDI  are  in  Figures  8  and  9 
respectively.  It  is  gratify¬ 
ing  that  the  incorporation  of 
the  masked  isocyanate  has  no 
significant  effect  on  the 
complex  modulus  (C)  until  Tg 
is  reached.  There  is  a 
reduction  in  Tg  (from  280°  to 
176^0),  but  probably  this  can 
be  adjusted  by  altering  the 
cure  regime. 
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^  Average  fllo  thlckneti  a  «ilt 
Average  fllo  thlcknait  •  2.0  ollt 

NOTCi  The  percent  Might  gain  ef  (he  reactants  can  be  lewnd  In 
Table  HI.  All  reactiunt  were  cendwcted  at  90*C. 


Table  VI.  Percent  eouilibriuui  Miltiure  abierptlen  valuei  of  Motor 
toakod  HT72O/0DS  cured  epeay  flUt  at  70*C 


Reactant 

a  lOOi' 

t  Change 

V“o  ■ 

S  Change 

7.00  I  0.14 

■■■ 

7.06  a  6.16 

... 

AtdS' 

2.24  a  0.17 

-61 

2.77  a  0.18 

”60 

(T.lS/ 

6.20  a  0.04 

-11 

7.91  a  0.64 

•13 

2.22  a  0.26 

•56 

5.20  a  0.30 

•26 

INSlS/ 

6.22  a  0.26 

•25 

6.67  a  0.26 

•  6 

^  Percent  gain  and  chango  In  water  sorption  bated  on'  the  reacted 
dry  weight. 

^  Percent  gain  and  change  In  water  sorption  bated  on  the  unreacted 
dry  Might. 

^  Average  flla  thicknett  ■  6.2  mHs 
^  Average  fila  thlcknuit  •  ).g  »iU 
Average  flla  thickness  ■  2.0  wilt 

WTC:  The  percent  Height  gain  of  the  reactanlt  can  bt  found  In 
lablo  111.  All  reactions  Mwro  cunductod  at  70*C. 
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UbU  VII. 

Diffusion  coefficients  for  diffusion 
of  distilled  water  in  Mf720/DDS  cured 
epoxy  flUis  at  30*C 

Table  Vlll. 

.Diffusion  coefficients  for  diffusion 
of  distilled  water  in  Hy720/D0S  cured 
e|io>y  films  at  70*0 

Reactbnt 

0  (cm^/sec) 

.  inlO 

1  Change 

Reactant 

0  (cu^sec) 

»  10>“ 

X  Change 

Untreateil 

0.S2 

... 

Untreated 

61.22 

... 

ACN 

455.40 

55400 

ACN 

455.40 

643 

OTPI 

6.51 

694 

OTPI 

21.18 

-65 

MTPI 

7.63 

Bia 

HTPI 

22.04 

-64 

THSI 

6.51 

694 

THSI 

15.30 

-75 

IIOTE:  All 

rooctioni  were  carried  out  at 

30*C. 

NOTE:  All  I'ojctiuns  wore  carried  out  at  70*C. 

TaUtt  IX 


Ifiocvanata 

»4A.<;klm  Anant 

Q3da  Hditio 

H.MC 

Uhblockixin 
Tmp.  *C 

1. 

sx  ,.<>^-Tnfluaco-o-tolyl 
looey  otmCo 

Fentafluorophoooi 

73 

2. 

PUiftyl  laocyanato 

fC-lO* 

FC-lO.fh 

ea 

130 

a. 

HoMmOtylonA 

dileocyofuco 

10-10* 

iC-10.ID4.KlX 

105 

IBS 

4. 

HaicMothylcino 

dUsocyofwM 

n-ButonoI 

Bu.MU 

aa 

120 

9. 

Haiuinutnyl«wM 

cUlaocyetfuttt 

l>antnf  luonchonol 

169 

170 

6, 

HAKauMthylone 

diiaocynnou 

llwnol 

m.iMii 

136 

IBO 

7, 

^lohoxyl  Ifiooyanotii 

RMOOl 

{■h.Cyttox 

137 

130 

a. 

Cyclohaxyl  iaocyanato 

FontAXluoco- 

UUO(ihanoI 

FDF^SH.cyiiax 

148 

130 

9. 

CyclohoMyl  ioocyarato 

2, 4-Dinuorctenzyl 

PjEiz.CyfKuc 

B3 

120 

4la9hoi 


•rc«10  -  Ci.*^*SflbN(C,l^)C^M^OH 


r.l  knalvaa 

itu 

N4«li«a  iMcycn*** 

1C 

•M 

IM 

ir 

rnr.  .rg«ri 

e«t«^ 

41.9 

44.94 

1.94 

1.33 

3,77 

3.99 

40.9 

40.71 

rc-iQ.rt* 

Cali. 

4'4Mn4 

31. 99 
33.13 

3.91 

3.01 

4.91 

4.44 

49.71 

49.43 

Gals. 

rSMibC 

39.93 

39.43 

3.93 

3.49 

4.44 

1.19 

49.-39 

47.90 

•W.IMBI 

Cali. 

FiWAC 

99.19 

40.91 

19.19 

10.19 

9.99 

9.19 

rh.MMBI 

Cali. 

ViwA4 

41.41 

41.33 

9.14 

9.93 

1.91 

7.91 

Cili. 

rowna 

44.17 

44.10 

3.41 

3.13 

9.33 

1.34 

39.44 

39.31 

tlk.CyNM 

Cili. 

FiwnC 

11.31 

10.99 

7.14 

7.47 

9.39 

4.93 

Fhr^IM.CyMM 

Cali. 

Fi»iA4 

49.00 

47.14 

3.49 

3.99 

4.30 

4.94 

39.33 

39.99 

Cali. 

FitMti 

99.49 

93.94 

4.31 

4.14 

1.30 

9.44 

14.11 

14.91 

It 


frftto  ki 


NM  rOoncsol 


m.nt 


0 

U  M 

49  44 

M  a? 

aO  34 
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EFFECTS  OF  ENVIRONMENTAL  EXPOSURE  ON 
FIBER/RESIN  INTERFACIAL  SHEAR  STRENGTH 

Bernard  Miller  and  Umesh  Gaur 

Textile  Research  Institute  (TRI),  Princeton,  New  Jersey  08542 


INTRODUCTION 

Mechanical  properties  of  some  fiber- 
reinforced  polymers  are  known  to 
degrade  upon  exposure  to  various 
environmental  factors  including 
hydrothermal  (immersion  in  water) 
and  hygrothermal  (contact  with 
water  vapor)  exposures.  Moisture 
can  affect  each  of  the  three  phases  in 
a  composite,  namely,  the  fiber,  the 
matrix,  and  the  interfacial  zone. 
The  changes  induced  in  fiber  and 
matrix  polymers  can  be  determined 
by  separate  studies  on  each 
component  by  itself,  but  the  effect  of 
moisture  on  the  interface  must  be 
determined  by  studies  on  the 
composite  system.  It  is  generally 
accepted  that  the  principal  cause  of 
composite  shear  strength  reduction 
upon  exposure  to  moisture  is 
debonding  or  weakening  of  the 
interfacial  bond. 

Fiber-reinforced  composites  are 
generally  characterized  and 
evaluated  by  means  of  various 
standard  tensile,  flexural,  and 
fatique  tests  performed  on  actual 
composite  specimens.  Although 
these  tests  provide  valuable 


information  about  the  overall  or 
macroscopic  properties  of  the 
composite,  their  results  are  strongly 
dependent  on  such  factors  as 
specimen  geometry,  fiber/matrix 
volume  ratio,  and  fiber  aspect  ratio. 
Direct  information  about  the 
fiber/matrix  interface  cannot  be 
obtained  by  such  means.  In 
addition,  macroscopic  methods  are 
not  sensitive  to  heterogeneities  in 
fiber  surface,  strength,  and 
diameter. 

A  new  experimental  technique  for 
direct  measurement  of  the 
interfacial  adhesion  between  a  fiber 
and  a  resin  matrix  has  been 
developed  at  TRI  (1).  The  technique 
involves  application  of  microdroplets 
of  resin  onto  a  single  fiber,  followed 
by  measurement  of  the  force 
required  to  pull  out  or  debond  the 
fiber  from  each  droplet.  The  main 
advantage  of  this  modified  pull-out 
technique  is  that  small  diameter 
(about  10  [xm)  fibers,  commonly  used 
in  fiber-reinforced  composites,  can 
be  evaluated  successfully. 
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The  dimensions  involved  in  the 
microbond  method  lead  to  several 
advantages  with  regard  to 
environmental  studies.  First, 
uniform  environmental  exposure  is 
simplified  by  the  small  droplet  size. 
Also,  any  diffusion-controlled 
processes  proceed  on  a  shorter  time 
scale  than  with  the  typical  bulk 
composite.  Thus,  environmental 
studies  may  be  conducted  at  lower 
temperatures  and  over  shorter  time 
periods  using  the  microbond 
technique.  Finally,  the  method 
allows  localized  fiber  heterogeneity 
(on  a  scale  of  about  100  pm  fiber 
lengths)  to  be  considered  in 
evaluating  the  effect  of  environ¬ 
mental  exposures. 

TRI  MICROBOND  TECHNIQUE 
Background 

The  commonly  used  single  fiber 
pull-out  test  involves  measuring  the 
force,  in  a  direction  parallel  to  the 
fiber  axis,  to  "pull  out"  a  single  fiber 
which  is  partially  embedded  in  a 
pool  of  cured  resin.  However,  if  the 
embedded  length  is  greater  than  a 
critical  value,  tensile  failure  will 
occur  in  the  nonembedded  portion  of 
the  fiber.  This  critical  fiber  length 
is  given  by 


where  d  =  fiber  diameter. 

Of  =  ultimate  fiber  tensile 
stress  at  break ,  and 
T  =  interfacial  bond 

strength  (shear  stress). 

For  very  fine  fibers  such  as  those 
associated  with  engineering 
composites  (glass,  carbon,  and 
aramids),  the  critical  fiber  length 
becomes  extremely  small.  These 
fibers  can  be  expected  to  have 
diameters  of  about  10  pm,  tensile 
strengths  ranging  from  2,000-4000 
MPa,  and  average  interfacial  shear 
strengths  with  typical  resins  of  10-70 
MPa.  Therefore,  their  critical  fiber 
lengths  fall  in  the  range  of  0.07-1.0 
mm.  Such  very  short  embedded 
lengths  are  difficult  to  obtain  experi¬ 
mentally,  and  are  hard  to  handle 
and  process.  In  addition,  meniscus 
rise  around  the  circumference  due 
to  wetting  can  increase  the  em¬ 
bedded  length  enough  so  that  the 
critical  fiber  length  is  exceeded  and 
the  fiber  fails  prior  to  pull-out. 
Another  potential  problem  is  that 
the  thinner  resin  coating  in  the 
meniscus  region  may  rupture  prior 
to  debonding,  leaving  behind  a 
crown  or  resin  cone  on  the  surface 
of  the  fiber.  Although  this  complex 
failure  process  does  not  invalidate 
the  subsequent  shear  strength 
measurement,  it  does  require  the 
inspection  of  every  specimen  after 
debonding  to  determine  the  true 
embedded  length. 
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The  TRI  Microbond  Test 
The  TRI  microbond  pull-out  test 
involves  the  deposition  of  a  small 
amount  of  resin  onto  the  surface  of  a 
fiber  in  the  form  of  one  or  more 
droplets  which  form  concentrically 
around  the  fiber  in  the  shape  of 
ellipsoids.  After  appropriate  hard¬ 
ening  or  curing,  the  fiber  diameter 
and  the  droplet  dimensions  are 
measured  with  the  aid  of  an  optical 
microscope,  the  size  of  the  droplet 
along  the  fiber  axis  determining  the 
embedded  length. 

The  fiber  specimen  is  pulled  out  of 
the  droplet  using  a  special  device  to 
grip  the  droplet  bonded  to  the  fiber 
(Figure  1).  This  device  consists  of 


two  adjustable  plates  that  form  a  slit 
or  micro-vise  that  is  attached  to  a 
vertical  drive  system.  The  plates  are 
positioned  just  above  the  droplet  and 
the  slit  is  narrowed  symmetrically 
until  the  plates  just  make  contact 
with  the  fiber  (see  Figure  1).  As  the 
plates  move  downward,  an  initial 
frictional  force  between  the  fiber  and 
the  shearing  plates  is  registered,  in¬ 
dicating  that  the  slit  is  just  touching 
the  fiber  and  the  droplet  has  little 
chance  of  slipping  through;  this 
frictional  force  is  reproducible  and 
can  be  adjusted  to  the  same  value  for 
each  specimen.  As  the  shearing 
plates  continue  to  move  downward, 
they  encounter  the  droplet  and  exert 
a  downward  force  on  it,  which  is 
recorded. 


force  cell 


t 


Figure  1.  Arrangement  for  fiber/microdroplet  debonding. 
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The  interfacial  shear  stress,  t  ,  is 
calculated  using  the  equation; 


JF  _ 

A  7td2 


(1) 


where  F  =  measured  debonding 
force, 

A  =  interfacial  area, 
d  =  fiber  diameter,  and 
2.  =  embedded  length. 

Complete  details  of  the  microbond 
technique  are  given  in  reference  (1). 


The  general  relationship  used  in 
shear  strength  measurement  im¬ 
plies  that  the  applied  force  is  distri¬ 
buted  uniformly  and  equally  to  all 
elements  of  the  interface.  This  is  not 
likely  to  be  happening  during 
microbond  shearing  nor,  for  that 
matter,  in  any  other  type  of  pull-out 
test.  Force  applied  to  a  small  portion 
(the  area  of  contact  between  the 
micro-vise  and  the  droplet)  of  a  finite 
elastic  body  (the  droplet)  would  not 
be  evenly  distributed  but  should 
decrease  with  distance  from  the 
point  of  application  (Saint-Venant's 
principle). 

Since  the  droplets  in  these  experi¬ 
ments  are  very  small,  the  variation 
in  applied  stress  along  the  embedded 
length  might  be  expected  to  have 
only  a  minor  effect  on  the  bond 


strength  measurement.  However, 
because  of  this  small  size, 
embedment  length  can  be  varied  by  a 
factor  of  five  for  some  fiber/resin 
systems.  Figure  2  shows  pull-out 
load  versus  embedded  area  (propor¬ 
tional  to  embedded  length)  data 
collected  for  a  large  set  of  Kevlar  49/ 
Epon  828  specimens.  (Because  of  the 
high  tenacity  of  the  fiber,  it  was 
possible  to  use  large  drops  without 
having  the  bond  shearing  process 
pre-empted  by  fiber  rupture.)  The 
points  in  Figure  2  show  a  distinct 
trend  away  from  linearity  and 
toward  a  reduced  slope  (i.e., 
apparently  lower  bond  strengths)  as 
embedded  area  is  increased.  Figure 
3  shows  the  same  data  divided  into 
subsets  according  to  embedded  area; 
each  bar  represents  areas  within  a 
500  pm^  (14  pm  length)  range.  The 
average  shear  strengths,  as 
calculated  using  Equation  1,  are 
shown  for  each  subset.  There  is  an 
obvious  trend  toward  decreasing 
bond  strength  as  the  embedment 
area  increases. 

The  results  in  Figures  2  and  3 
suggest  that  the  applied  shearing 
force  is  not  being  distributed 
uniformly  over  the  entire  interface 
but  is  concentrated  at  the  upper 
part.  Thus,  when  a  certain  amount 
of  force  produces  pull-out,  more  of  it 
has  been  applied  to  that  location  to 
produce  initial  bond  rupture  which 
propagates  down  the  interface.  As 
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EMBEDDED  AREA  (mlcronsMK2/1000) 


Figure  3.  Frequency  distribution  of  average  embedded  areas 
for  500  ranges  (data  of  Figiu-e  2). 

Average  shear  strengths  are  shown  for  each  subset. 
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embedded  length  increases,  the  pro¬ 
portion  of  the  applied  force  that  is 
concentrated  at  the  top  of  the  inter¬ 
face  increases,  leading  to  premature 
rupture  and  an  apparent  reduced 
bond  strength  when  Equation  1  is 
used.  This  interpretation  makes  it 
necessary  either  to  keep  drop  sizes 
and  size  distribution  as  small  as 
possible,  which  may  not  always  be 
practical,  or  to  compare  results  for 
different  systems  only  within 
narrow  embedment  length  ranges. 


EFFECTS  OF  HYDROTHERMAL 
&  HYGROTHERMAL  EXPOSURES 

Materials 

Kevlar®  49  (Du  Pont).  Average 
filament  diameter  11.4  pm,  washed 
in  methanol,  rinsed  in  acetone,  and 
air  dried. 

E-glass  (Owens-Corning  Fiberglas). 
Pristine  E-glass,  average  filament 
diameter  11.3  pm,  used  without 
further  treatment. 

Resin:  Epon  828  (Shell)  and  4,4’- 
methylene  diamiline  (Aldrich 
Chemicals),  4:1  weight  ratio,  cured 
2  hours  at  80°C  and  2  hours  at  150°C. 


Results  and  Discussion 
The  microbond  technique  has  been 
used  to  investigate  the  response  of 
Kevlar  49 /Epon  828  and  E-glass/ 
Epon  828  interfaces  to  a  number  of 
environments.  The  basic  procedure 
involves  exposure  of  a  set  of  15-40 
cured  fiber/resin  microdroplet 
assemblies  to  the  environmental 
factors  of  choice  for  a  specified 
period  of  time  and  shearing  the 
microdroplets  promptly  following 
exposure.  A  control  experiment  is 
conducted  in  parallel  with  each  set 
of  environmental  exposures.  Em¬ 
bedment  lengths  of  control  and  aged 
microdroplets  are  similar,  so  that 
measured  average  shear  strengths 
are  directly  comparable. 

Typical  responses  to  environmental 
stress  are  shown  in  Figures  4  ,  5, 
and  6.  In  Figure  4,  the  shear 
strength  distribution  of  Kevlar  49/ 
Epon  828  control  specimens  are 
compared  with  those  of  the 
specimens  held  at  0%  relative 
humidity  for  480  hours  (20  days). 
Not  only  are  the  shear  strength 
values  equivalent,  but  the  strength 
distributions  are  almost  identical. 
Figure  5  shows  a  significant  shift  in 
shear  strength  distribution  towards 
lower  values  as  a  result  of  refluxing 
in  water  at  88°C  for  70  hours. 
Figure  6  shows  a  similar  shift  in 
shear  strength  distribution  for 
E-glass/Epon  828  specimens  after 
refluxing  in  water  0.5  hour  at88°C. 
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Figure  4.  Shear  strength  distributions  for  Kevlar  49/Epon  828  before 
(filled  bars)  and  after  480  hours  of  aging  at  0%  RH  (open  bars). 


Figure  5.  Shear  strength  distributions  for  Kevlar  49/Epon  828  before 
(filled  bars)  and  after  70  hours  exposure  to  water  at  88°C  (open  bars). 
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Figure  6.  Shear  strength  distributions  for  E-glass/Epon  828  before 

(filled  bars)  and  after  0.5  hour  exposure  to  water  at  88°C  (open  bars). 


Effects  of  environmental  exposures 
on  average  shear  strength  for  Kevlar 
49/Epon  828  and  E-glass/Epon  828 
are  summarized  in  Tables  I  and  IL 
The  results  in  Table  I  indicate  that 
significant  bond  strength  reductions 
for  Kevlar  49/Epon  828  were  obtained 
only  upon  exposure  to  steam  and 
upon  refluxing  in  water  at  88°C. 
The  results  in  Table  I  also  imply 
that  reduction  does  not  go  beyond  a 
loss  of  about  40%  of  the  initial  shear 
strength  value.  Similarly,  Table  II 
indicates  a  plateau  in  bond  strength 
reduction  for  E-glass/Epon  828  after 
a  loss  of  about  40%  of  the  initial 
shear  strength  value. 


The  most  reasonable  explanation  for 
this  lower  limit  is  that  interfacial 
shear  strength  comes  from  a  num¬ 
ber  of  contributions  to  fiber/resin 
interaction,  possibly  including 
chemical  bonding,  van  der  Waals 
forces,  electrical  attraction,  friction, 
and  residual  thermal  compression 
forces.  The  shear  strength  degrada¬ 
tion  produced  by  exposure  to  water 
would  not  be  expected  to  degrade  all 
of  these  forces. 
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Table  I 


Effect  of  Hydrothermal  and  Hygrothermal  Exposure 
on  Shear  Strength  of  Kevlar  49/Epon  828 


Control  shear  strength:  39-45  MPa 


Environment 


Exposure 
time,  hours 


Shear  strength, 

%  of  control  value 


Water,  22°C 

168 

1.02 

HCl  (pH  2),  22°C 

2 

0.95 

26 

1.02 

168 

0.88 

HCl  (pH  1),  22°C 

168 

1.03 

Water,  88°C 

20 

0.80 

40 

0.77 

70 

0.77 

88 

0.76 

240 

0.85 

600 

0.69 

Steam 

2 

0.62 

8 

0.73 

20 

0.59 

Table  II 

Effect  of  Hydrothermal  Exposure  on 
Shear  Strength  of  E-glass/Enon  828 


Control  shear  strength:  .43-44  MPa 


Exposure 

Shear  strength. 

Environment 

time,  hours 

%  of  control  value 

Water,  88°C 

0.5 

0.56 

1.0 

0.65 

2.0 

0.64 

16.0 

0.61 

72.0 

0.67 
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A  few  experiments  have  been 
conducted  to  investigate  the  possible 
reversibility  of  shear  strength 
decreases  caused  by  environmental 
exposure.  Substantial  regain  of 
composite  properties  has  been 
reported  for  Kevlar/epoxy  and  other 
bulk  composite  systems  when 
hydrothermal  exposure  was 
followed  by  drying  (2).  In  addition, 
for  certain  bulk  composite  systems 
(graphite/epoxy),  the  temperature  of 
hydrothermal  exposure  relative  to 
the  glass  transition  temperature  of 
the  matrix  was  found  to  have  a 
major  effect  on  regain  of  composite 
properties  with  drying:  hydro- 
thermal  exposure  above  the  matrix 
Tg  resulted  in  much  smaller 
property  regain  upon  drying  (3). 
Preliminary  microbond  results  have 
been  obtained  for  degraded 
Kevlar/Epon  828  specimens  after 
subsequent  drying  above  and  below 
the  resin  Tg,  which  is  about  70°C. 
To  date,  no  measurable  recovery  of 
bond  strength  has  been  obtained 
with  any  combination  of  vacuum 
and  heat  drying  for  24  hours. 
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DESIGN  AND  FABRICATION  OF  BONDED 
JOINTS  ON  LARGE  CANTILEVERED 
COMPOSITE  TUBES 

by  Paul  D.  Wienhold  and  Richard  L. 

Jarvis,  AAI  Corporation,  Hunt 

Va I  ley ,  Mary  land . 

OBJECTIVE 

The  utilization  of  remotely  piloted 
vehicles  (RPV’s)  aboard  U.S.  Navy 
ships  Is  contingent  on  reliable 
methods  of  recovery.  Currently, 
Pioneer  RPV’s  are  recovered  on  battle 
ships  with  a  three  mast  net  retrieval 
system  developed  by  All  American 
Engineering.  However,  this  system 
requires  considerable  deck  space  and 
Is  not  suitable  for  Installation  on 
destroyers  and  frigates. 

AAI  has  developed  a  rotary  shipboard 
net  retrieval  system  (SNRS)  Illus¬ 
trated  In  Figure  1  which  has  a  rela¬ 
tively  small  footprint  suitable  for 
Installation  on  ships  with  limited 
deck  space.  The  base  of  the  SNRS  can 
be  rapidly  secured  to  standard  deck 
fittings,  thus  eliminating  the  need 
for  any  shipboard  modifications.  The 
unit  has  a  self-contained  hydraulic 
power  supply  which  can  rapidly  deploy 
or  stow  the  net  retrieval  system. 
The  mounting  base  has  four  retract¬ 
able  wheels  to  facilitate  installa¬ 
tion  and  stowage.  The  net  retrieval 
arms  have  quick  release  connections 
which  facilitate  assembly  and  dis¬ 
mantling  of  the  net  support  frame. 

The  AAI  Shipboard  Net  Retrieval  sys¬ 
tem  Is  designed  to  recover  the 
Mazlat/AAI  Pioneer  remotely  piloted 
vehicle  at  gross  weights  up  to  410 
pounds  and  velocities  from  30  to  60 
knots.  The  SNRS  uses  a  nylon  cargo 
net  supported  by  a  lightweight,  goal 
post  frame.  The  net  and  support 


frame  are  al  lowed  to  pivot  about  a 
horizontal  bearing  as  the  RPV  is 
recovered.  The  frame  and  net  are 
decelerated  by  a  caliper  disc  brake 
which  is  modulated  by  an  electronic 
controller  sensing  frame  rotational 
velocity. 

AAI’s  baseline  design  used  a  40  x  50 
foot  net  supported  by  an  aluminum 
tubular  goal  post  frame.  While  the 
aluminum  frame  was  suitable  for 
recovering  hardened  dummy  RPV’s,  its 
relatively  high  rotary  inertia 
characteristics  imposed  excessive 
deceleration  loads  on  the  Pioneer  RPV 
wing  and  tail  sections.  In  order  to 
reduce  the  recovery  loads  on  the 
Pioneer  RPV,  AAI  redesigned  the  goal 
post  frame  using  adsanced  composite 
materials.  The  objective  was  to 
reduce  the  weight  and  rotary  inertia 
of  the  frame  by  60  percent  or  more 
and  at  the  same  time  to  Increase  the 
stiffness  and  fatigue  life  of  the 
frame. 

The  composite  frame  had  to  be  inter¬ 
changeable  with  the  aluminum  baseline 
design.  The  thIrty-sIx  foot  long 
vertical  posts  were  12.76  Inches  in 
diameter  and  had  tapered  walls  for 
optimum  strength  and  stiffness. 
Shipboard  stowage  and  handling 
requirements  dictated  that  each  36 
foot  long  pole  be  assembled  from  two 
eighteen  foot  long  sections  with 
quick  release  connections.  The  quick 
release  connections  consisted  of 
flanged  aluminum  fittings  bonded  to 
the  ends  of  the  18  foot  composite 
poles  and  two  180  degree  annular 
aluminum  clamps  joined  by  two  one- 
half  Inch  diameter  bolts.  Since 
AAI’s  filament  winding  machine  and 
curing  ovens  could  not  accommodate  an 
18  foot  tube.  It  was  necessary  to 
fabricate  two  nine-foot  composite 
tubes  and  joint  them  with  a  permanent 
bonded  joint. 
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APPROACH 

The  requirement  to  recover  the 
Pioneer  at  velocities  between  30-60 
knots  at  various  approach  angles  and 
impact  points  represented  consider¬ 
able  technical  risk.  Deceleration 
loads  had  to  be  limited  to  approxi¬ 
mately  4  g’s.  Also,  the  possibility 
of  the  RPV  either  extending  the  net 
and  impacting  the  dock,  or  rebounding 
from  the  net,  had  to  be  considered. 

In  order  to  assess  these  technical 
risks  and  optimize  the  design  charac¬ 
teristics  of  the  SNRS,  AAI  developed 
a  computer  model  of  the  net  retrieval 
system.  Several  hundred  graphical 
simulations  of  the  recovery  dynamics 
were  run  resulting  in  refinements  of 
the  system  inertia,  stiffness  and 
braking  characteristics.  Based  on 
these  simulations,  AAI  was  able  to 
complete  the  design,  fabrication,  and 
testing  of  the  SNRS  within  a  seven 
month  period.  Approximately  one  hun¬ 
dred  successful  recoveries  were 
accomplished  with  minimal  modifica¬ 
tions  to  the  system  and  with  very 
good  correlation  between  the  computer 
model  and  test  results  as  indicated 
in  Figure  2 . 

The  results  of  the  graphical  simula¬ 
tions  were  used  as  inputs  to  a 
NASTRAN  finite  element  analysis  of 
the  net  support  arms  which  analyzed 
both  static  stresses  and  deflections 
and  buckling  behavior.  The  design 
chosen  for  the  composite  net 
retrieval  arm  consisted  of  four  9 
foot  graphite/epoxy  tubes  with  wall 
thicknesses  of  0.06B,  0.098,  0.114, 
and  0.136  inches,  from  bottom  to  top 
respectively.  The  tubes  were  fila¬ 
ment  wound  at  AAI  using  +/-  15°  and 
+/-  65°  helix  patterns  onto  12-5/8 
inch  diameter  by  10  foot  long  alumi¬ 
num  mandrels.  Amoco  T-300  graphite 
fibers  and  bisphenol-A  resin  with  an 
acid  anhydride  hardener  were  used. 


The  joints  discussed  here  were 
designed  for  the  attachments  between 
the  tube  sections. 

DESIGN 

Numerous  bonded  and  bolted  joint  con¬ 
figurations  could  be  applied  to  this 
application  and  were  considered. 
Bolted  joints  would  add  too  much 
weight,  that  of  the  fasteners  them¬ 
selves  and  the  local ly  increased 
material  thickness  at  the  fastener 
holes.  They  would  also  suffer  from 
possible  fatigue  and  corrosion 
problems.  Scarf  and  stepped  lap 
joints  are  considered  the  highest 
strength  and  lightest  weight  bonded 
joints.  However,  they  are  imprac¬ 
tical  in  this  case  due  to  the  need 
for  precise  machining  of  the  joint 
details  on  the  large  tube  components. 
Simple  lap  joints  have  excessive  peel 
and  bending  stresses  due  to  the  fact 
that  the  strap  centerline  is  offset 
from  that  of  the  tubes. 

The  tapered  double  strap  joint  con¬ 
cept  was  selected.  (See  Figure  1.) 
It  has  low  bending  and  peel  stresses 
and  correspondingly  low  stress  con¬ 
centrations.  It  has  a  high^weight 
efficiency  and  requires  little 
machining,  all  of  which  is  done  on 
the  straps  only.  The  assembly  pro¬ 
cedures  are  straightforward  and 
require  little  tooling. 

One  or  more  layers  of  E-glass/epoxy 
fabric  pre-preg  were  co-cured  to  the 
outside  surface  of  the  tubes  in  the 
area  of  the  adhesive  bonds  to  bui  Id 
up  the  outside  diameter  of  the 
sma I ler  of  the  tubes  to  that  of  the 
larger  and  to  "soften"  the  joint. 
"Softening"  means  to  put  down  a  layer 
of  intermediate  stiffness  between  the 
strap  and  the  first  layer  of  the  tube 
in  which  the  fibers  are  nearly  trans¬ 
verse  to  the  load  direction  at 
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+/-  6B°.  In  addition,  the  edges  of 
the  straps  were  tapered  at  5°  to 
reduce  peel  stresses  and  to  reduce 
the  stress  concentrations  in  the  tube 
walls.  Peel  stresses  are  reduced  this 
way  since  the  offset  between  the  cen¬ 
terline  of  the  strap  and  the  tube 
wall  is  reduced  down  to  the  surface 
of  the  tube  itself,  greatly  reducing 
the  out-of-plane  bending  moment 
generated  in  the  strap  at  its  free 
edge.  The  stress  concentration  in 
the  tube  wall  is  reduced  greatly  over 
that  which  would  occur  at  90°  corner 
at  the  free  edge  of  a  square-edged 
strap.  Also,  since  the  the  stiffness 
of  the  strap  increases  gradually,  the 
load  transfer,  too,  is  gradual. 

The  tapered  double  strap  joint  design 
was  used  at  five  locations  on  each 
not  support  arm.  The  detail  at  two 
of  the  locations,  as  shown  in  Figure 
la,  consisted  of  a  permanent  joint 
between  two  composite  tubes  using 
graphite/epoxy  straps  on  the  inside 
and  outside  surfaces.  The  outside 
straps  were  in  120°  segments  for  ease 
of  assembly,  while  the  inside  strap 
was  a  full  circle  with  a  longitudinal 
split,  again  to  facilitate  assembly. 
At  the  other  three  locations  a  separ¬ 
able  joint  was  required.  An  aluminum 
fitting  with  a  flange  for  a  ring-type 
clamp  was  bonded  to  the  tubes  using 
the  tapered  double  strap  joint  con¬ 
cept.  (See  Figure  lb.)  In  these 
cases,  however,  the  inside  strap  was 
a  single  graphite/epoxy  part,  as  in 
the  previous  cases,  but  the  outside 
strap  was  an  integral  part  of  the 
aluminum  end  fitting. 

MATERIAL  SELECTION 

Graph  1 te/epoxy  fabric  pre-preg  was 
selected  for  the  straps  because  of 
its  high  strength  to  weight  ratio  and 
its  compatibility  with  the  tubes 
themselves.  It  is  also  more  damage 


tolerant  and  easier  to  work  with  than 
pre-preg  tape.  Flberlte  HMF-322/714AH 
2B0°F  curing  material  was  used.  It 
is  relatively  low  cost,  is  readily 
available,  and  has  been  used  with 
good  results  at  AAI .  The  low  curing 
temperature  allowed  the  use  of  sec¬ 
tions  of  net  support  arm  tubes,  pre¬ 
viously  cured  at  30B°F,  as  lay-up 
tools.  The  elevated  temperature  wet 
(ETW)  "B"  allowables  for  the  material 
are : 

Ft  =  B7.3  ksl 

Fc  =  66.7  ksl 

El  =  E2  =  8.6  msi 

Two  adhesives  were  selected,  a  two- 
part  epoxy  paste  and  an  epoxy  film 
adhesive.  The  room  temperature 
curing  paste  was  used  for  applica¬ 
tions  which  required  sliding  fits  or 
where  the  assembly  could  not  be  oven 
cured  due  to  its  size.  The  film, 
being  easier  to  work  with  and  higher 
strength,  was  used  for  all  other 
app I i cat i ons . 

Hysol  9309.2  epoxy  paste  adhesive  was 
selected  primarily  for  its  high  shear 
allowables  of  B000  psi  as-cured  at 
room  temperature  and  4100  psi  after 
conditioning  for  90  days  at  120°F  and 
98%  relative  humidity.  In  addition, 
it  is  has  a  low  modulus  which  reduces 
peel  stresses  in  a  bond  joint.  It 
was  used  with  a  nylon  scrim  to  con¬ 
trol  the  bond  line  thickness.  A 
handleable  bond  is  achieved  in  12 
hours  which  is  to  be  followed  by  a 
6-1/2  day  full  cure. 

American  Cynamid  FM-123-B-.06  epoxy 
film  adhesive  was  selected  for  simi¬ 
lar  reasons.  It  cures  at  22B°F  which 
makes  it  acceptable  for  use  on  the 
30B°F  cured  tubes.  It  is  read!  ly 
available  and  has  been  used  with  good 
success  at  AAI.  It,  too,  is  low 
modulus  and  has  a  shear  strength  of 
B6BB  psi  after  conditioning  for  30 
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days  at  127°F  and  95K  relative  humid¬ 
ity.  It  is  supported  with  a  knitted 
nylon  carrier  to  control  the  bond 
line  th i ckness . 


STRESS  ANALYSIS 


Maximum  tension  and  compression  loads 
at  each  joint  were  calculated  from 
the  results  of  the  NASTRAN  finite 
element  analysis  of  the  net  support 
arms.  The  greatest  resultant  force 
calculated  at  any  of  the  nodes  along 
the  joint  was  assumed  to  be  distri¬ 
buted  along  the  22.5°  section  of  the 
diameter  half  way  between  it  and  the 
adjacent  nodes.  The  result  is  the 
maximum  load  per  unit  width.  Since 
it  is  assumed  that  the  inner  and 
outer  straps  share  the  load  equally, 
one  half  of  this  value  is  the  design 
load.  The  example  shown  here  corres¬ 
ponds  to  the  joint  at  the  base  of  the 
net  support  arm  which  is  the  most 
highly  loaded.  The  greatest  load  on 
this  joint  is  10460  pounds,  over  the 
22.6°  arc  section.  The  load  per 
width  (F/W)  was  calculated  as 
f o I  I ows : 

_  _ 10460  lb _ 

2  7r  (13.36  in)  (22.B°/360°) 

=  1994  lb/ in 


The  strap  overlap  length  was  calcula¬ 
ted  using  a  conservative  value  for 
the  adhesive  shear  strength  of  3000 
psi,  a  stress  concentration  factor  of 
2.0,  and  a  factor  of  safety  of  1.5. 
This  results  in  a  working  shear 
stress  allowable  of  1000  psi.  The 
overlap  length  (L)  for  one  side  of 
the  joint  was  calculated  as  follows: 


1994  Ib/in 


1000  psi 


=  1.994  in 


This  value  was  rounded  up  to  the 
nearest  .10  inches  or  2.00  inches. 


The  strap  thickness  was  calculated 
using  the  lower  of  the  tensi le  and 


compressive  ETW  "B"  allowables,  a 
stress  concentration  factor  of  2.0, 
and  a  factor  of  safety  of  1.5.  This 
results  in  a  working  tensile/com¬ 
pressive  stress  allowable  of  19.1 
ksi.  The  strap  thickness  (T)  was 
calculated  as  follows: 


1994  Ib/in 
19.1  ksi 


0.104  in 


This  value  was  rounded  up  to  the 
nearest  increment  of  the  material  ply 
thickness  of  0.014  inches  or  0.122 
i nches  . 


FABRICATION 

The  composite  straps  were  hand  layed 
up  onto  composite  and  aluminum  tools 
and  autoclave  cured.  All  the  edges 
were  then  ground  to  their  final 
dimensions  including  the  5°  tapers. 
Surface  preparation  for  bonding  was 
provided  by  the  use  of  peel  ply  on 
the  areas  of  the  tubes  and  straps  to 
be  bonded.  The  peel  ply  was  removed 
just  prior  to  bonding.  The  aluminum 
fittings  were  FPL  etched  and  primed 
with  American  Cyanamid  BR-127  primer 
in  the  area  to  be  bonded.  Al I  areas 
adjacent  to  the  bonded  joints  were 
covered  with  polyester  flash  breaker 
tape  to  allow  simple  and  thorough 
clean  up  of  excess  cured  adhesive. 

Pressure  was  applied  to  the  outside 
straps  during  the  cure  of  the  adhe¬ 
sive  using  a  standard  vacuum  bag  with 
27  inches  of  mercury  applied.  This 
was  not  possible  for  the  inside 
straps  so  a  pressure  bladder  was 
designed  and  bul It.  It  consisted  of 
a  spool-shaped  aluminum  fixture  10 
inches  long  by  12  inches  in  diameter 
with  silicone  rubber  walls  bonded  and 
clamped  to  the  edges  of  the  end 
plates.  Pressure  of  7  psi  was 
applied  by  a  continuous  supply  of 
regulated  shop  air  through  a  hose 
connected  to  a  fitting  in  one  of  the 


493 


end  plates.  The  bladder  was  located 
at  the  joint  in  the  middle  of  the  18 
foot  assemblies  with  an  aluminum 
locating  rod  threaded  to  a  tapped 
hole  in  the  bladder’s  end  plate. 
High  temperature  materials  were  used 
so  that  the  bladder  could  be  used  in 
cure  cycles  of  up  to  350°  F. 

The  aluminum  end  fittings  were 
machined  to  an  inside  diameter  which 
provides  a  tight  fit  with  the  tubes 
outside  diameter  such  that  no  addi¬ 
tional  pressure  was  required.  They 
were  held  in  place  in  the  axial 
direction  during  cure  with  a  threaded 
aluminum  rod  extending  through  the 
tube  with  3/8  inch  aluminum  end 
plates  pulled  up  to  both  ends. 

The  bonding  procedure  began  with  the 
installation  of  the  aluminum  end 
fittings.  The  paste  adhesive  was 
applied  to  both  surfaces  to  be 
bonded.  The  nylon  scrim  was  layed 
into  the  wet  adhesive  on  the  tube. 
The  fitting  was  slid  onto  the  tube 
with  a  slight  rotation  and  held  in 
place  with  the  two  end  plates  drawn 
up  to  the  threaded  rod. 

The  graphite/epoxy  inner  straps  at 
the  joints  with  aluminum  end  fittings 
were  bonded  on  next.  The  sheet  of 
film  adhesive  was  tacked  to  the 
inside  surface  of  the  tube  with  a 
heat  gun.  The  strap  was  located  on 
the  tube  and  held  in  place  with  poly¬ 
ester  tape.  The  pressure  bladder  was 
installed  inside  the  tube  over  the 
strap  and  pressurized  to  7  psi.  The 
adhesive  was  then  oven  cured  for  one 
hour  at  225°F. 

The  next  assembly  step  was  the  bond¬ 
ing  of  the  inside  strap  to  one  of  the 
tubes  at  the  permanent  joints  between 
composite  tubes.  The  same  basic  pro¬ 
cedure  was  used  as  with  the  other 
inner  straps  using  film  adhesive  oven 


cured  with  the  pressure  bladder. 
Following  that  step,  the  exposed  half 
of  the  inside  strap  was  bonded  to  the 
other  tube,  assembling  the  two  tubes. 
Again,  Epoxy  paste  was  applied  to 
both  surfaces  with  a  layer  of  nylon 
scrim.  Then  the  tubes  were  assembled 
and  the  pressure  bladder  located  and 
inflated.  The  tubes  were  then 
aligned  using  a  transit  and  adjusting 
the  tripod  tube  support  stands.  The 
end  plates  were  then  drawn  up  on  the 
treaded  shaft  to  hold  the  tubes 
together . 

Finally,  the  graph i te/epoxy  outside 
straps  were  bonded  at  the  joint 
between  the  composite  tubes.  A  simi¬ 
lar  procedure  was  fol lowed  using 
epoxy  paste  with  nylon  scrim.  In  this 
case  pressure  was  applied  with  a 
vacuum  bag  instal led  over  the  joint 
area  with  a  full  vacuum  applied  for 
the  12  hour  initial  cure. 

RESULTS 

One  complete  net  retrieval  system  was 
fabricated.  Static  proof  tests  were 
performed  to  working  loads  on  one 
tube  section  with  bonded  joints  while 
another  tube  section  with  an  obsolete 

m 

wall  design  was  tested  to  failure. 
In  both  cases  all  adhesive  bonds  sur¬ 
vived  intact.  Failures  in  the  second 
test  were  restricted  to  the  tube 
itself.  Seventeen  operational  tests 
of  the  net  retrieval  system  were  per¬ 
formed  with  the  composite  net  support 
arms  installed.  The  tubes  and  bonded 
joints  were  undamaged  and  reduced  RPV 
deceleration  loads  substantially. 

FUTURE  IMPROVEMENTS 

The  adhesive  bond  joints  in  the  net 
support  arms  could  be  further  opti¬ 
mized  through  the  use  of  specialized 
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Air  Force  joint  design  software. 
These  programs  known  as  JOINT,  BONJO, 
JTSDL,  and  A4EI  are  aval lable  from 
ASIAC  (Aerospace  Structures  Informa¬ 
tion  and  Analysis  Center)  and  have 
been  transferred  to  AAI . 

CONCLUSIONS 

The  tapered  double  lap  joint  Is  an 
efficient,  reliable,  and  practical 
bonded  joint  concept  for  cantilevered 
composite  tubes  and  other  large 
structures.  Its  design  and  fabrica¬ 
tion  are  straightforward  when  the 
appropriate  materials  are  chosen  and 
the  correct  procedures  are  followed. 
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STRENGTH  ESTIMATION  OF  ADHESIVE  BONDED  JOINTS  BETWEEN  CARBON  STEEL 
SHAFT  AND  GFRP  TUBE 


Kozo  Ikegami,  Keizo  Matsuo  and  Toshio  Sugibayashi 
Research  Laboratory  of  Precision  Machinery  and  Electronics 
Tokyo  Institute  of  Technology 
Midoriku,  Yokohama  227,  Japan 


The  joining  method  of  fiber 
reinforced  plastics  and  metal  is 
one  of  the  most  important  problem 
for  the  practical  use  of  fiber 
reinforced  plastics  The  strength 
of  joints  between  carbon  steel 
shaft  and  glass  fibe  reinforced 
plastics (GFRP)  tube  with  bonding 
epoxy  resin  is  investigated 
analytically  and  experimentally. 
The  stress  and  strain 
distributions  in  the  joint  are 
analysed  by  using  the  finite 
element  method  under  axial  load 
and  torsional  load.  The  high 
stress  or  strain  concentrations 
occurrs  at  the  edges  of 
overlapping  region  between  steel 
shaft  and  GFRP  tube.  The  analysed 
strain  distributions  are  compared 
with  the  experimental  strain 
distributions.  The  strength  of 
the  shaft  joint  is  predicted  by 
applying  the  strength  laws  of 
GFRP,  carbon  steel,  adhesive  layer 
and  their  interfaces  to  the 
corresponding  parts.  The  critical 
load  of  each  part  of  the  joint  is 
determined.  The  initial  failure 
load  is  determined  by  the  smallest 
value  among  the  critical  loads  in 
GFRP  tube,  carbon  shaft,  adhesive 
layer  and  their  interfaces. 

Figs.  1  and  2  show  the  joint  model 
and  the  coordinates  of  the  model. 
The  elastic  constants  of  the  joint 
material  are  given  in  Table  1 .  The 
strength  laws  used  for  predicting 
the  joint  strength  are  as  follows. 


GFRP  Steel 

Fig.  1  Joint  model 


For  GFW, 

P'/  =  Cx(ar-a,Y+Ci{a,-azY+Ci(aM-ar? 

+  +  CiOr+ctat  +  ct  tI,  +  c»  ri»  +  or™  =  1 

For  carbon  steel, 

F,  =  {al-\-al+al  —  OrCt  —  a,a, 

-  atdr + 3(  r  r«  +  rj.  +  r  L ) }  ‘'V  343  =  1 
For  adhesive  resin. 

Fa  =  {cri + ffr  +  -  Ora,  -  a»aM 

-  a,ar + 3(  r «  +  rJ.  +  r  rr ) }  ''V  64  =  1 
For  adhesive  interfaces, 

F,  =  |(7r/  31 . 5r"+ 1(  tU  +  r?, )■'’  /  30 . 8|*" = 1 

The  notations  c  in  the  strength 
law  of  GFRP  are  represented  by  the 
following  equations. 

C .  =  {(  F.rFcr  )- '  +  (  F„Fc.  ‘  (  FuFcm  )- ‘ } /  2 
The  values  c?  and  Cg  are  obtained 
by  changing  circularly  z,  r  and  ^ . 

The  values  c^  and  Cg  are  obtained 
by  changing  circularly  z,  r  and ^ . 
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Cl  —  iF'sri) 

The  vaules  Cg  and  Cg  are  obtained 
by  changing  circularly  z,  r  and  6. 
The  values  of  F  are  given  in  Table 
2. 

The  failure  stresses  of  the  joint 
under  tensile  and  torsional  load 
and  combined  loads  are  shown  in 
Figs.  3  to  5.  The  curves  in  Figs. 
3  and  4  are  the  critial  stresses 
in  GFT?P,  steel  shaft,  adhesive 
layer  and  adhesive  interfaces.  In 
Fig.  5  the  smallest  critical 
stresses  are  illustrated  for  the 
joint  of  various  ratioes 
S=(r3/ro)*  of  cross  sectional  area 
between  carbon  steel  and  GFRP 
tube.  The  experimental  initial 
and  final  failure  stresses  are 
solid  marks  and  blank  marks, 
respectively. 


Table  1  Elastic  constants  of 
joint  materials 


GFRP 

Carbon 

st«el 

Adhesive 

resin 

Ez  ,  Ee 

GPa 

9.98 

206 

3.33 

Er 

GPa 

7.56 

Grz  ,Gr0 

GPa 

1.60 

7U 

1.24 

Gze 

GPa 

3.22 

Vrz.Vre 

0.156 

033 

0.34 

VZ0 

0.105 

Ez.Es.Er  Young's  modulus 
Gri,Gr#,Gz9:  Shear  modulus 
Vfz,Vr«,Vz#:  Poisson's  ratio 


Fig.  4  Torsional  strength  of 
joint 


Table  2  Fundamental  strength  of 
GFRP 


Ftz 

Ft0 

Ftr 

Fez 

Fc9 

Fcr 

Fsrz 

Fsre 

Fsze 

Strength 

MPa 

215 

25.0 

243 

497 

39.7 

980 

FIz.Fle.Ftr  :  Tensile  strength 
Fci.FcS.Fcr  Compressive  strength 
Fsrz.Fsro.FszO:  Shear  strength 


combined  laods 
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